
�

�

�������	
�����
������	������	�����
����	�
�
��������
��
������	�������
�	�����	��
����������	���

�

�

�

������
�����

��������
�����	���������������������	�����������
�����
������

���


���������������
������
��	�
���

�

�

�

�

���

����
��������������

�

�

�


����	�
�������
��
�����������	���
	�
�����
��	�

�������	������
����	������
�����

��

���

�������
���	
���
�

�

�

�

�������� 





Approval of the thesis:

PHOTOFERMENTATIVE HYDROGEN PRODUCTION FROM MOLASSES 
IN TUBULAR PHOTOBIOREACTOR WITH PH CONTROL

submitted by FATMA BETÜL OFLAZ in partial fulfillment of the requirements for 
the degree of Master of Science in Chemical Engineering Department, Middle 
East Technical University by,

Prof. Dr. Halil Kalıpçılar
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Pınar Çalık
Head of Department, Chemical Engineering

Assist. Prof. Dr. Harun Koku
Supervisor, Chemical Engineering, METU

Examining Committee Members:

Prof. Dr. Pınar Çalık
Chemical Engineering, METU

Assist. Prof. Dr. Harun Koku
Chemical Engineering, METU

Assoc. Prof. Dr. Çağdaş Son
Biology, METU

Assoc. Prof. Dr. Eda Çelik Akdur
Chemical Engineering, Hacettepe University

Assist. Prof. Dr. Yasemin Dilşad Yılmazel
Environmental Engineering, METU

Date: 25.07.2019



�

�
�

$%�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

I hereby declare that all information in this document has been obtained and 
presented in accordance with academic rules and ethical conduct. I also declare 
that, as required by these rules and conduct, I have fully cited and referenced all 
material and results that are not original to this work.�

�

�

�&'()��*+,&'(-�

�

�$/,&0*+(-�

��&0'&��(012��32&4�



�

�
�

%�
�

ABSTRACT

�

PHOTOFERMENTATIVE HYDROGEN PRODUCTION FROM MOLASSES 
IN TUBULAR PHOTOBIOREACTOR WITH PH CONTROL
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pH KONTROLÜ İLE TÜBÜLER FOTOBİYOREAKTÖRDE MELASTAN 
FOTOFERMENTATİF HİDROJEN ÜRETİMİ
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CHAPTER 1

1. INTRODUCTION
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CHAPTER 2

2. LITERATURE SURVEY

�

2.1. Energy Carrier Hydrogen
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2.2. Commercial Hydrogen Production Techniques

2.2.1. Steam Reforming Method
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2.2.2. Partial Oxidation Method

�&+0$&2� 6G$?&0$6,� '(086?� ?(�(,?5� 6,� 08(� 76,%(+5$6,� 63� 50(&')� 6G</(,)� &,?�

8<?+67&+A6,5�06�8<?+6/(,�&,?�7&+A6,�6G$?(59��8(�(G608(+'$7��+67(55�6�(+&0(5�&0�8$/8�

0('�(+&0*+(�&,?��+(55*+(9��8(�7&0&2<0$7��+67(55(5�63�'(08&,(�&,?�,&�808&�6�(+&0(�&0�

&A6*0� M��6��&,?�,6,E7&0&2<0$7��+67(55(5�63�8<?+67&+A6,5�&,?�8(&%<�6$2�6�(+&0(�&0�

��M�E�=�M�6�9��8(�?$5&?%&,0&/(�63�08(�'(086?�$5�$05�7&+A6,�'6,6G$?(�('$55$6,�&26,/�

@$08�7&+A6,�?$6G$?(�B:608&+$)��*??8$)�&,?��&@8,(<����>\��$;62&$?$5�&,?��6*22$;;&5�

���LC9�

��������������������������B�9=C�

�B�9IC�

�<?+6/(,�7&,�A(�6A0&$,(?�3+6'�76&2�@$08���&+0$&2�6G$?&0$6,�'(086?9��8(��+67(55�$5�

,&'(?�&5�76&2�/&5$3$7&0$6,9��6&2�$5�+(&70(?�@$08�50(&'�&0�>��E ���6��&,?�IM���5$)�06�

�+6?*7(���)����)�&,?����@$08�&�5'&22�&'6*,0�63�'(08&,(9��8(,)����� $5� +('6%(?�

3+6'� 08(� �+6?*70� A<� @&58$,/� @$08� '6,6(08&,62&'$,(� 6+� �60&55$*'� 8<?+6G$?(� 6+�

7&27$*'� 7&+A6,&0(9� �8(� A&5$7� +(&70$6,� 36+� /&5$3$7&0$6,� 63� 76&2� $5� A(26@� B:608&+$)�

�*??8$)�&,?��&@8,(<����>\��$;62&$?$5�&,?��6*22$;;&5����LC9�

B�9MC�

�

2.2.3. Hydrocarbon Pyrolysis
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2.2.4. Electrolysis
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2.3. Biohydrogen Production Technologies
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2.3.1. Microbial Electrolysis Cells
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2.3.2. Biophotolysis
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2.3.3. Dark Fermentation
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/2*765(�06�8<?+6/(,�@$08�5*78�0@6��&085�$5�/$%(,�A(26@�B�&<�(0�&29����=C9�

B�9�>C�

B�9� C�

�2086*/8�8$/8�8<?+6/(,��+6?*70$6,�+&0(5�&+(��655$A2()�$,�+(&2��+67(55(5�08(�<$(2?�$5�

6A0&$,(?�26@(+�08&,�$05�08(6+(0$7&2�%&2*(�5$,7(�7&+A68<?+&0(5�&+(�,60�3*22<�'(0&A62$4(?�

&,?� *5(?� 06� 5*��6+0� &,?� '&$,0&$,� '$7+66+/&,$5'� /+6@08� $,� &??$0$6,� 06� 8<?+6/(,�

�+6?*70$6,�B�+(,0,(+)��(77$&)�&,?��$''(+'&,�����\��&<�(0�&29����=C9��%(,�*,?(+�

6�0$'&2�76,?$0$6,5)�&A6*0�JLu�63�08(�6+$/$,&2�6+/&,$7�'&00(+�+('&$,5�$,�08(�562*0$6,�

@8(,� &� 5$'�2(� 5*/&+� $5� *5(?� 36+� 8<?+6/(,� �+6?*70$6,� B�1+;(+)� �1'15)� &,?� �&�&,�

���>C9��

�(+'(,0&0$%(�A&70(+$&�&+(�5(,5$0$%(�06����&,?�0('�(+&0*+(�32*70*&0$6,5�&,?�78&,/(5�63�

08(5(� �&+&'(0(+5� 76*2?� 78&,/(� 08(� '(0&A62$7� �&08@&<� &,?� /+6@08� +&0(� B�$,8&� &,?�

�&,?(<�����\��1+;(+)��1'15)�&,?��&�&,����>C9��8(+(36+()�8<?+6/(,��+6?*70$6,�A<�

?&+;�3(+'(,0&0$6,��+67(55�$5�50+6,/2<�?(�(,?(,0�6,����%&2*()�@8$78�586*2?�A(�;(�0�

A(0@((,� � M� &,?� J� 36+� 6�0$'&2� �+6?*70$6,� B�66?8*,� (0� &29� ���L\� �$;62&$?$5� &,?�

�6*22$;;&5����LC9��

�8(�'&T6+�?+&@A&7;�63�?&+;�3(+'(,0&0$6,�$5�26@�8<?+6/(,��*+$0<)�@8$78�'&;(5�*5&/(�

63�8<?+6/(,�$,�3*(2�7(22�?$33$7*20�B:&<&8&,)��+6/2*)�&,?�:6;*����LC9��8(�8<?+6/(,�$,�

08(� (332*(,0� /&5� 63� 08(� ?&+;� 3(+'(,0&0$6,� '*50� A(� +(76%(+(?� A<� &� /&5� 5(�&+&0$6,�

0(78,626/<�06��*+$3$(?�8<?+6/(,�B�+(,0,(+)��(77$&)�&,?��$''(+'&,�����C9�
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2.3.4. Integrated Systems

�,�$,0(/+&0(?�5<50('�$5�&�5(^*(,0$&2�76'A$,&0$6,�63�?&+;�3(+'(,0&0$6,�B08(+'6�8$2$7C�

&,?��8606�3(+'(,0&0$6,��+67(55(59��$+50)�8<?+6/(,)�7&+A6,�?$6G$?()�&,?�6+/&,$7�&7$?5�

&+(��+6?*7(?�@$08� 08(�*0$2$4&0$6,�63�A$6'&55�A<� 08(+'6�8$2$7�'$7+66+/&,$5'�$,� 08(�

?&+;� 3(+'(,0&0$6,9� �8(,)� �+6?*7(?� 6+/&,$7� &7$?5� &+(� 76,5*'(?� A<� 08(�

�86063(+'(,0&0$%(� A&70(+$&� 06� �+6?*7(� '6+(� 8<?+6/(,� $,� 08(� �86063(+'(,0&0$6,�

�+67(559�

R4/1+�(0� &29� B����C� $,%(50$/&0(?�5(^*(,0$&2�?&+;�&,?��86063(+'(,0&0$6,�63� 5*7+65(E

76,0&$,$,/� 5*/&+� A((0� '62&55(5� 36+� 8<?+6/(,� �+6?*70$6,� $,� ��E76,0+622(?� �E2�

A$6+(&706+�&,?�MM�'2�/2&55�A6002()�+(5�(70$%(2<9��8(�'&G$'*'�8<?+6/(,��+6?*70$6,�

+(�6+0(?� &5� �9=L� ''62F2798� B�9=L� '62� ��FB'=98CC� A<� C. saccharolyticus� &,?� 8*�E�

'*0&,0�50+&$,�63 R. capsulatus9��8(�8<?+6/(,�<$(2?� $,7+(&5(?�3+6'�I9��'62���F'62�

5*7+65(�$,�?&+;�3(+'(,0&0$6,�06��=9L�'62���F'62�5*7+65(�A<�5(^*(,0$&2�?&+;�&,?��8606�

3(+'(,0&0$6,9�

�

2.3.5. Photofermentation

�,?(+�2$'$0(?�,$0+6/(,�76,?$0$6,5)�8<?+6/(,�7&,�A(��+6?*7(?�*5$,/�562&+�(,(+/<�&,?�

6+/&,$7� &7$?59� �*(� 06� 08(� �+(5(,7(� 63� ,$0+6/(,&5(� (,4<'()� 56'(� �86065<,08(0$7�

A&70(+$&� (,&A2(� 06� 76,%(+0� 08(� 6+/&,$7� &7$?5� $,06� 8<?+6/(,� &,?� 7&+A6,� ?$6G$?(�

&776+?$,/�06�08(�36226@$,/�+(&70$6,59��8(,�5*7+65(�$5�3(+'(,0(?�&,?�6,2<�&7(0$7�&7$?�

$5� �+6?*7(?)� �� '62� 63� 5*7+65(� '&;(5� $0� �655$A2(� 06� 6A0&$,� �I� '62� 63� 8<?+6/(,9�

B�+A&,$(7�&,?��+&A&+74<;����IC�

�

B�9��C�

�

����������������������������������������������������������������������������������B�9��C�

��
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�$08�&7(0$7)� 36+'$7)� 2&70$7)��+6�$6,$7�&,?�A*0<+$7�&7$?�&5� 08(�+(&70&,0)�&776+?$,/� 06�

506$78$6'(0+$7�76,%(+5$6,5�63�5*A50+&0(5�$,06����&+(��+(5(,0(?�A(26@�B�<&+)��+6/2*)�

�17(2)�&,?��1,?14���� C9�

�7(0&0(-� ���������������������������������������������������������������������B�9��C�

�&70&0(-� �����������������������������������������������������������������������B�9�=C�

�6+'&0(-� ���������������������������������������������������������������������������������������������������B�9�IC�

�+6�$6,&0(-� ��������������������������������������������������������������������B�9�MC�

�*0<+&0(-� ����������������������������������������������������������������B�9�JC�

�86065<,08(0$7� A&70(+$&� &+(� �+6'$5$,/� 6+/&,$5'� ?*(� 06� 08(� 36226@$,/� +(&56,5�

B�;;(+'&,�(0�&29�����\��&57(00$�(0�&29��  >C�-�

� ��8$/8�5*A50+&0(�06��+6?*70�76,%(+5$6,�<$(2?�

� �&7;� 63� 6G</(,E(%62%$,/� &70$%$0<)� @8$78� $5� ?(5$+&A2(� 36+� A$68<?+6/(,�

�+6?*70$6,�

� �A$2$0<�06�*5(�&�@$?(�@&%(2(,/08�63�2$/80�06�6�(+&0(�*,?(+�6*0?66+�76,?$0$6,5�

� �&�&A$2$0<� 06� *5(� 6+/&,$7� 5*A50+&0(5� B?(+$%(?� 3+6'� @&50(5C� 36+� 8<?+6/(,�

/(,(+&0$6,�08&0�&256�8(2�5�$,�08(�A$6+('(?$&0$6,��+67(559�

�

�$,/2(E50&/(� �86063(+'(,0&0$6,� �+67(55� $5� &� '6+(� 7650E(33(70$%(� 5<50('� 06� �+6?*7(�

A$68<?+6/(,� 5$,7(� $,7+(&5(?� +(&706+� ,*'A(+� &,?� &??$0$6,&2� ?&+;� 3(+'(,0&0$6,� 50(��

5*78�&5�6�0$'$4&0$6,�63�?&+;�3(+'(,0(+�(332*(,0�2(&?�06�8$/8�6�(+&0$6,&2�7650�36+�0@6E

50&/(�5<50('5�B:(5;$,�&,?��&22(,A(7;�����C9�

:(5;$,� (0� &29� B����C� 50*?$(?� 5$,/2(E50&/(� �86063(+'(,0&0$6,� @$08� 08(� *0$2$4&0$6,� 63�

5*/&+�A((0�'62&55(5�A<�Rhodobacter capsulatus��� ��36+�8<?+6/(,��+6?*70$6,�$,���M�

'2�5(+*'�A6002(9��8(�8$/8(50�8<?+6/(,��+6?*70$6,�8&5�A((,�+(�6+0(?�&5�M��'2���FB298C�

B�9>M� '62� ��FB'=98CC� @8$78� $5� 8$/8(+� 08&,� 5(^*(,0$&2� ?&+;� &,?� �8606� 3(+'(,0&0$6,�

�+67(55�BR4/1+)�
&+5)�(0�&29�����C�&,?�8<?+6/(,�<$(2?�@&5���9M�'62���F'62�5*7+65(9�
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2.4. General Characteristics of Rhodobacter Capsulatus

�*+�2(�,6,E5*23*+�A&70(+$&�B����C�&+(��+6;&+<60$7�&,?��86065<,08(0$7�'$7+66+/&,$5'�

@8$78� 7&,� /+6@� &5� �86068(0(+60+6�85)� �8606&*060+6�85� 6+� 78('68(0(+60+6�85�

5@$078$,/� 3+6'� 6,(� '6?(� 06� &,608(+� A&5(?� 6,� 76,?$0$6,5� 5*78� &5� ?(/+((� 63�

&,&(+6A$65$5)�&%&$2&A$2$0<�63�7&+A6,�56*+7(�&,?�&%&$2&A$2$0<�63�&�2$/80�56*+7(� B�&5&;�

&,?� �&5� ���LC9� �8(,� ���� $5� *0$2$4(?� &5� &� 7&+A6,� 56*+7()� ���� A&70(+$&� /+6@�

&*060+6�8$7&22<)� *0$2$4&0$6,� 63� 6+/&,$7� 76'�6*,?5� &5� &� 7&+A6,� 56*+7(� 7&*5(5�

8(0(+60+6�8$7�/+6@08�&,?�(G$50(,7(�63�2$/80�2(&?�06��86060+6�8$7�/+6@089��8(<�7&,�&256�

2$%(� $,�?&+;�76,?$0$6,5�&,?� 062(+&0(�6G</(,�&0� 26@�2(%(25� B�$(A2�&,?��3(,,$/�� >�C�

�$,7(�����A&70(+$&�?6�,60�*5(�5*23$?(�&5�&,�(2(70+6,�?6,6+�&0�8$/8�76,7(,0+&0$6,5�2$;(�

5*23*+� A&70(+$&)� 08(<� 7&22(?� &5� ,6,E5*23*+� A&70(+$&9� �8(<� /+6@� &0� ��� JE � &,?�

0('�(+&0*+(�+&,/(��M6�E=M6��B�&5$;&2&�(0�&29��  =C9��

Rhodobacter capsulatus� $5� &� �*+�2(� ,6,E5*23*+� B���C� A&70(+$&� 08&0� �&+0$7$�&0(� $,�

A$626/$7&2�8<?+6/(,�/(,(+&0$6,�A<��86063(+'(,0&0$6,9�
0�A(26,/5�06�Rhodospirillaceae

3&'$2<�&,?�	86?6A&70(+�/(,(+&9�
0�$5�&�+6?E2$;(�58&�(?�7(22�@$08�&�?$&'(0(+�63��9ME�9��

G��9�E�9M�y'�B
'8633)��+1�(+)�&,?��3(,,$/����MC9��8(�����A&70(+$&�$5�&�<(226@$58E

A+6@,�06�/+((,$58)�86@(%(+)�7626+�58$305�3+6'�/+((,�06�?((��+65(E+(?�$,�08(��+(5(,7(�

63� 6G</(,� A(7&*5(� 63� 08(� 6G$?&0$6,� 63� 08(� 7&+60(,6$?9� �8(� '&G$'*'� 8<?+6/(,�

�+6?*70$6,� +&0(� 6A0&$,(?� &0� �L9M� 6�� &,?� �>L� �F'�� B�,?+6/&� (0� &29� ���IC9�

�&70(+$67826+6�8<22� a� 08&0� $5� 08(� �86065<,08(0$7� �$/'(,0� 63� 08(� A&70(+$&� 8&5�

78&+&70(+$50$7�&A56+�0$6,�'&G$'&�%&2*(5�=LJE=L>)�IM�EIMM)�IL>EI>�)�M�>EM�=)�M �E

M �)�>��E>�M�&,?�>J�E>J=�,'�36+�2$%$,/�7(225�B�,?+6/&���� C9��

�

�$0+6/(,&5(�&,?�8<?+6/(,&5(�&+(�0@6�;(<�(,4<'(5�63�08(�A&70(+$&�36+�08(�8<?+6/(,�

�+6?*70$6,� �+67(559� �8(� ,$0+6/(,&5(� (,4<'(� +(?*7(5� 08(� �+606,5� 06� '62(7*2&+�

8<?+6/(,� @$08� 08(� 76,5*'�0$6,� 63� (G7(55� +(?*7$,/� (^*$%&2(,05� /(,(+&0(?� A<� 08(�

6G$?&0$6,�63�6+/&,$7�&7$?59��6@(%(+)�8<?+6/(,&5(�(,4<'(�3*,70$6,�$5�+(%(+5$A2(�&,?�

$0�(,&A2(5�06�76,5*'(�8<?+6/(,�A<��+6?*7$,/����)��+606,5�&,?�(2(70+6,59��8(+(36+()�



�

�
�

�>�
�

$,&70$%&0$6,�63�*�0&;(�8<?+6/(,&5(�63�R. capsulatus� $,7+(&5(?�8<?+6/(,��+6?*70$6,�

B�40*+;�(0�&29����JC9��

�


,�08$5� 08(5$5)�Rhodobacter capsulatus���=�B8*�EC�@8$78�$5�&,�*�0&;(�8<?+6/(,&5(�

?(2(0(?� B8*�EC� '*0&,0� 50+&$,� 63� Rhodobacter capsulatus� A<� �+9� �&%*4� R401+;� @&5�

*5(?9�

�

2.5. Photofermentation Metabolism of PNS Bacteria

�86065<,08(0$7��*+�2(�,6,E5*23*+�A&70(+$&�8&%(�T*50�6,(��86065<50(')�@8$78�$5�3$G(?�

$,�08(�$,0+&7(22*2&+�'('A+&,()�06�76,%(+0�2$/80�(,(+/<�06�78('$7&2�(,(+/<�B���C9��8(�

�+$'&+<� &$'� 63� ���� 5<,08(5$5� $5� 06� 5*��2<� A$6'&55� �+6?*70$6,9� �30(+� &� 5*33$7$(,0�

&'6*,0� 63� ���� $5� *0$2$4(?� 36+� /+6@08)� (G7(55� +(?*7$,/� �6@(+� $5� *5(?� 06� '&$,0&$,�

7(22*2&+�+(?6G�8&5�06�A(�?$5�65(?�06�50&A$2$4(�08(�7(22*2&+�+(?6G�50&0(9�����3$G&0$6,)����

�+6?*70$6,)� &,?��62<8<?+6G<A*0<+&0(� B���C�A$65<,08(5$5� &+(� 08+((�'&$,� '(0&A62$7�

�&08@&<5� @8$78� 76'�(0(� 36+� 5*78� (2(70+6,5� B�,?+6/&� (0� &29� ����C9� �8(+(36+()�

8<?+6/(,��+6?*70$6,)�@8$78�$5�08(�+(5*20�63�,$0+6/(,�3$G&0$6,)�50&+05�@8(,��+(5(,0�����

$5��&55(?�6%(+�08(�,((?(?�&'6*,0�63�����36+�/+6@089��

�

2.5.1. Hydrogen Production


,� 08(�������86065<50(')�6+/&,$7�7&+A6,5�&+(�6G$?$4(?� $,06�����&,?�(2(70+6,5�A<�

7$0+$7�&7$?�B���C�7<72()�@8$78�$05(23�$5��&+0�63�08(�$,0(/+&0(?�7&+A6,�,(0@6+;�B�$/*+(�

�9=C9�
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Figure 2.3.���5;(078�63�08(�7&+A6,�'(0&A62$5'�$,�����A&70(+$&�R. capsulatus9��EJE�-�/2*765(�JE
�865�8&0()��EJE�-�3+*7065(�JE�865�8&0()�JE��-�JE�865�86/2*76,&0()�:���-��E;(06E=E?(6G<EJE

�865�86/2*76,&0()�:��-��E;(06E=E?(6G</2*76,&0()��E�E�-�3+*7065(E�E�865�8&0()�����-�
?$8<?+6G<&7(06,(��865�8&0()�=����-�/2<7(+&2?(8<?(�=E�865�8&0()�=E���-�=E�865�86/2<7(+$7�&7$?)�

���-��62< g 8<?+6G<A*0<+&0()����-��865�86(,62�<+*%&0(9�
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�8(� �86065<,08(0$7� �&+0� $,� ����� $5� 76'�65(?� 63� �86065<50('� B��C)� &� 5(+$(5� 63�

(2(70+6,�0+&,5�6+0��+60($,5�B7<06�2&5'$7�7<0678+6'(�7)�2$�$?E562*A2(�̂ *$,6,(5�B�F��C)�

7<0678+6'(�B�<0C�AF���76'�2(G)�&,?C�&,?�&�0+&,5'('A+&,(�����5<,08&5(��+60($,�&5�

5((,�$,��$/*+(��9I9��8(��86065<50('�$,72*?(5�2$/80E8&+%(50$,/�76'�2(G���B���C�&,?���

B���C� &,?� &� +(&70$6,� 7(,0(+� @8$78� &+(� �+60($,E�$/'(,0� 76'�2(G(5� &,?� 76,0&$,5�

%&+$6*5�0<�(5�63�7&+60(,6$?5�&,?�A&70(+$67826+6�8<22�&9��8(����5<50('5�0&;(�08(�2$/80�

$,�08(�%$5$A2(�BIM�EM ��,'C�&,?�,(&+E$,3+&+(?�@&%(2(,/08�B>��E>LM�,'C�&,?�0+&,53(+�

08(�(,(+/<�06�08(�+(&70$6,�7(,0(+�@8$78�50&+05�08(�7<72$7�(2(70+6,�0+&,53(+9���

�8(�+(2(&5(?�(2(70+6,�3+6'�����&+(�?(2$%(+(?�06�7<0678+6'(�7�&,?�3*,,(2(?�08+6*/8�

(2(70+6,� 7&++$(+� �+60($,5� &,?� ?(2$%(+(?� 06� 3(++(?6G$,9� �$'*20&,(6*52<)� �+606,5� &+(�

�*'�(?�06� 08(�'('A+&,(�&,?�7&*5(� 08(��+606,�/+&?$(,09��6+'$,/�&��+606,�?+$%$,/�

36+7(��+6%$?(5������+6?*70$6,�A<�����5<,08&5(9��(++(?6G$,�(,5*+(5�06�0+&,53(+�63�

(2(70+6,5�06�,$0+6/(,&5(�(,4<'(�@8$78�7&0&2<4(5�08(�+(?*70$6,�63��+606,5�06����@$08�

08(�(G�(,5(�63�����B�,?+6/&�(0�&29�����C9�

�

�

Figure 2.4.� �<?+6/(,��+6?*70$6,��&08@&<�A<��86063(+'(,0&0$6,�$,�����9�
�
-�$,0+&7<06�2&5'$7�
'('A+&,()���-��86065<50(')��?-�3(++(?6G$,���B�,?+6/&�(0�&29�����C9�

�

�
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2.5.1.1. Nitrogenase

�$0+6/(,&5(�$5�&,�(,4<'(�+(5�6,5$A2(�36+�8<?+6/(,��+6?*70$6,9��$0+6/(,&5(�&70$%$0<�

@&5� 8$/8(50� &0� A(0@((,� ��� J9M� &,?� L9�)� &,?� &77*'*2&0$6,� 63� ��I
v� $,� 08(� 7*20*+(�

+(�+(55(5� 08(� ,$0+6/(,&5(� &70$%$0<� B�(,/� (0� &29� � >LC9� �8(+(� &+(� 08+((� ?$33(+(,0�

,$0+6/(,&5(5� $,� ����)� @8$78� 8&%(� A((,� 72&55$3$(?� A&5(?� 6,� 08($+� &70$%(� 7(,0(+�

(2('(,09��$3� $5�'62<A?(,*'�7(,0(+(?� B
6E,$0+6/(,&5(C)��,3� $5�%&,&?$*'�7(,0(+(?�

B�E,$0+6/(,&5(C�&,?��,3� $5� $+6,�7(,0(+(?�B�(E,$0+6/(,&5(C9�R. sphaeroides�8&5�6,2<�


6E,$0+6/(,&5()�@8$2(�R. capsulatus�&,?�R. rubrum�8&%(�A608�
6E,$0+6/(,&5(�&,?�

�(E,$0+6/(,&5(9�
,�R. palustris)�&22�08+((�36+'5�63�,$0+6/(,&5(5�&+(�36*,?�B�,?+6/&�(0�

&29�����C9�

�$0+6/(,�B��C� $5�*5(?�&5�&,�(2(70+6,�5$,;�&,?�76,%(+0(?� 06���=�A<� 08(�,$0+6/(,&5(�

(,4<'(9�
,����3$G&0$6,)��,$0+6/(,&5(�(,4<'(��+6?*7(5���'62(����3+6'���'62(����@$08�

76,5*'�0$6,�63��J�'62(5�63����9��8(,�,$0+6/(,�$5�&%&$2&A2()�08(�36+'&0$6,�63����&,?�

&''6,$*'�3+6'����$5�586@,�$,�08(�36226@$,/�(^*&0$6,�B�*@<�(0�&29�����C-�

���v��J�����v�>(E�v�>��v������=�v��J�����v��J�$�v�������������������B�9�LC�

�6@(%(+)� @8(,� ��� $5� ,60� &%&$2&A2()� ,$0+6/(,&5(� 7&0&2<4(5� �+606,� +(?*70$6,� &,?�

�+6?*7(5���'62(����3+6'���'62(����*0$2$4$,/�I����9��8(�A*2;�63�8<?+6/(,��+6?*70$6,�

677*+5� @8(,�,$0+6/(,&5(� +(?*7(5��+606,5� 06�'62(7*2&+�8<?+6/(,� $,� 08(� &A5(,7(�63�

,$0+6/(,-�

��v�v��(E�v�I�����{����v�I����v�I�$�������������������������������������������������B�9�>C�


,�608(+�@6+?5)�,$0+6/(,&5(��+6?*7(5�8<?+6/(,�@$08�I�0$'(5�8$/8(+�(33$7$(,7<)�@8(,�

��� $5� ,60� �+(5(,09� 
6+(6%(+)� &''6,$*'� &,?� 7(22*2&+� ,$0+6/(,� (G$50(,7(� +(/*2&0(�

,$0+6/(,&5(�5<,08(5$5�&,?�&70$%$0<9��,�&A*,?&,7(�63�,$0+6/(,�56*+7(5�+(2&0$%(�06�08(�

7&+A6,�76,0(,0�63�08(�,*0+$(,0�'(?$*'�'&<�&256��+6'60(�&''6,$&�36+'&0$6,)�@8$78�

08(,�5*��+(55(5�08(�&70$%$0<�63�,$0+6/(,&5(9��8(+(36+()�08(�&'6*,0�63�,$0+6/(,�56*+7(�

$5�6,(�08(�7+$0$7&2��&+&'(0(+�36+�8<?+6/(,��+6?*70$6,�&,?��+6?*70$6,��+67(55�586*2?�

A(�7&++$(?�6*0�*,?(+�,$0+6/(,E2$'$0(?�(,%$+6,'(,09��
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2.5.1.2. Hydrogenase

�<?+6/(,&5(�(,4<'(�$5�&,608(+�7&0&2<50�@8$78��&+0$7$�&0(5�$,�8<?+6/(,�'(0&A62$5'9�

�<?+6/(,&5(� 7&0&2<4(5� 08(� 6G$?&0$6,� 63� ��� 06� �+6?*7(� �+606,5� &,?� +(?*7$,/�

(^*$%&2(,05)� +(%(+5$A2<� $0� 7&0&2<4(5� 08(� +(?*70$6,� 63� �+606,5� 06� �+6?*7(� '62(7*2&+�

8<?+6/(,9��<?+6/(,&5(5�&+(�72&55$3$(?�&776+?$,/�06�08(�0<�(�63�'(0&2�763&706+�36*,?�

$,�08(�&70$%(�5$0(�&5�|�(�(}E8<?+6/(,&5()�|�$�(}E8<?+6/(,&5()�&,?�|�(}E8<?+6/(,&5(9�

|�$�(}E8<?+6/(,&5(5�*5*&22<�&+(�+(5�6,5$A2(�36+�8<?+6/(,�76,5*'�0$6,)�&,?�|�(�(}E

8<+6/(,&5(5�0(,?�06��+6?*7(�8<?+6/(,9��8(�?$+(70$6,�63�+(&70$6,�?(�(,?5�6,�08(�+(?6G�

50&0*5�63�08(�7(229��

�<?+6/(,�$5��+6?*7(?�&,?�6G$?$4(?�A<�08(�7&0&2<50�A<�08(�+(%(+5$A2(�+(&70$6,�B�,?+6/&�

(0�&29�����C-�

���~���v�v��(E�������������������������������������������������������������������������������������������������B�9� C�

2.5.2. CO2 Fixation

�����7&,�/+6@��86068(0(+60+6�8$7&22<�*5$,/�2$/80�36+�(,(+/<�&,?�6+/&,$7�76'�6*,?5�

36+�7&+A6,�&,?�(2(70+6,59�
,��86068(0(+60+6�8�/+6@08)�*0$2$4$,/�7&+A6,�?$6G$?(�$5�*5(?�

&5� &,� (2(70+6,� 5$,;� *,?(+� 06� (2*?(� (G7(55� +(?*7$,/� (^*$%&2(,05� &,?� &78$(%(� +(?6G�

86'(650&5$5�A<������B�*AA5�&,?��&A$0&����IC9��

����� 7&,� &256� /+6@� �8606&*060+6�8$7&22<� *5$,/� 2$/80� 36+� (,(+/<)� $,6+/&,$7�

76'�6*,?5)�&,?�@&0(+�36+�(2(70+6,5)�&,?�����36+�7&+A6,9�
,�08(��&2%$,�7<72()�����$5�

*5(?� 06� 5*��2<� 7&+A6,� 36+� 08(� 7(22� A<� 76,%(+0$,/� ���� $,06� 6+/&,$7� 76'�6*,?5� 36+�

A$65<,08(5$5�*,?(+�&*060+6�8$7�/+6@089��8+6*/8� 08$5��&08@&<)��865�86+$A*26;$,&5(�

B�	:C� 76,5*'(5� ���� 06� 36+'� +$A*265(� �)MEA$5�865�8&0(� B	*��C9� 	*��� $5� 08(,�

76'A$,(?�@$08�����%$&�+$A*265(��)MEA$5�865�8&0(�7&+A6G<2&5(�B	*A$5��C)�+(5*20$,/�

$,�0@6�'62(7*2(5�63�=E�865�86/2<7(+&0(�B�6+?6,�&,?�
7:$,2&<����IC9�

�
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2.5.3. Polyhydroxybutyrate (PHB) Biosynthesis

����A&70(+$&�&+(�7&�&A2(�63��+6?*7$,/�2&+/(�&'6*,05��63��62<8<?+6G<A*0<+&0(�B���C�

&5� +(5(+%(�'&0(+$&2)�@8$78�&336+?5�&,�&20(+,&0$%(��&08@&<� 06�8<?+6/(,� 06�?$578&+/(�

(G7(55� (,(+/<� &,?� +(?*7$,/� �6@(+� *,?(+� ,$0+6/(,� 2$'$0&0$6,� B�(0$,� (0� &29� ���J\�

�*50&?()��0($,A178(2)� &,?��782(/(2��  =\�:8&0$�6%�(0� &29� �  >\��$/$0� (0� &29� �   C9�

����$5�&�A$6?(/+&?&A2(�08(+'6�2&50$7��62<'(+)�@8$78�8&5�(76,6'$7&2�%&2*(9�����$5�

&77*'*2&0(?�&5�&,�(,(+/<�506+&/(�'&0(+$&2�*,?(+�08(�2$'$0&0$6,�63�,*0+$0$6,&2�(2('(,05�

5*78�&5��)��)��)���&,?�
/�&,?�(G7(55�7&+A6,�56*+7(�76,?$0$6,5)�5$'$2&+�06�8<?+6/(,�

�+6?*70$6,�'(0&A62$5'9��8(�7&+A6,�56*+7()�,$0+6/(,�&'6*,0�&,?����&+(�3&706+5�08&0�

&33(70�$05�&77*'*2&0$6,�$,5$?(�08(�7(2259��

:8&0$�6%�(0�&29�?('6,50+&0(?�08&0�&7(0&0(�$5�08(�'650�&?%&,0&/(6*5�7&+A6,�56*+7(�36+�

�����+6?*70$6,�&'6,/�2&70&0()��<+*%&0()�&,?�/2*765(�&,?����$5�&�5$/,$3$7&,0�3&706+�

08&0�&33(705�08(�����&77*'*2&0$6,9��
0�8&5�A((,�+(�6+0(?�08&0�&,�$,7+(&5(�$,����%&2*(�

$,7+(&5(?�����76,0(,0�'&+;(?2<�B:8&0$�6%�(0�&29��  >C9��

�*50(?(�(0�&29�*5(?�'*0&,0�7(225�?(3(70$%(�$,�08(�5<,08(5$5�63�����$,�R. sphaeroides�

&,?� 586@(?� 08&0� ?(�2(0$6,� 63� 08(� ���� 5<,08(5$5� '(0&A62$5'� $,7+(&5(?� 8<?+6/(,�

�+6?*70$6,�B�*50&?()��0($,A178(2)�&,?��782(/(2��  =C9�

�?(55$� (0� &29� 6A5(+%(?� ?(7+(&5$,/� 5*A50+&0(E06E8<?+6/(,� 76,%(+5$6,� $,� +(5�6,5(� 06�

$,7+(&5$,/�5&2$,$0<)�&,?��6$,0(?�6*0�08(��655$A$2$0<�63�5<,08(5$5�63�&??$0$6,&2�7&+A6,�

76'�6*,?5�5*78�&5�����B�?(55$�(0�&29����JC9���

:$'�(0�&29�*5(?�R.sphaeroides�:��=��36+��86063(+'(,0&0$6,�63�&7(0&0(�&,?�/2*0&'&0(�

06� �+6?*7(� 8<?+6/(,� A<� ;((�$,/� ��� 06� L9� �8(,� ��� @&5� 76,0+622(?)� 7*'*2&0$%(�

8<?+6/(,��+6?*70$6,�%62*'(�$,7+(&5(?��9I�0$'(5�,(&+2<�&,?�����76,0(,0�?(7+(&5(?�

�9I� 0$'(59� �??$0$6,&22<)� ���� 5<,08&5(� ?(2(0(?E'*0&,0� @&5� *5(?� 36+� 8<?+6/(,�

�+6?*70$6,�*,?(+���E76,0+622(?�(,%$+6,'(,0�&,?�6A5(+%(?�08&0�8<?+6/(,��+6?*70$6,�

%62*'(�$,7+(&5(?��>�u9�
0�@&5�76,72*?(?�08&0����76,0+62�8&?�&256�&,�(33(70�6,�562*A2(�

'$7+6A$&2��+6?*705�&,?�5(76,?&+<�'(0&A62$0(5)�08&0�76'�(0(�@$08�8<?+6/(,��+6?*70$6,�

06�+(?*7(��6@(+�$,�&??$0$6,�06�?(�+(55(?������+6?*70$6,�B
9��9�:$'�(0�&29�����C9�
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2.5.4. Organic Acid Production

�+/&,$7� &7$?��+6?*70$6,�'(0&A62$5'�63� 08(� R. capsulatus� $5� 36226@(?�&776+?$,/� 06�

:�����&08@&<9��&70&0()�36+'&0()�&,?�&7(0&0(�&+(�(%62%(?�6+/&,$7�&7$?5�$,��<+*%&0(�

'(0&A62$5'� B���(,?$G� �C9� �&70&0(� $5� 5<,08(5$4(?� &,?� �+6?*7(?� 3+6'� �<+*%&0(� A<��

2&70&0(�?(8<?+6/(,&5(�(,4<'(�B�9�9�9�LC�@$08�08(�36226@$,/�(^*&0$6,-�

�&70&0(�v����v�� ��<+*%&0(�v������v��v�� ��������������������������������B�9=�C�

�6+'&0(�$5�&,�$,0(+'(?$&0(��+6?*70�36+�08(�&7(0<2E�6��5<,08(5$4(�3+6'��<+*%&0(�A<�

�<+*%&0(�36+'&0(E2<&5(�B�9=9�9MIC9�

�<+*%&0(�v���6��� ��&7(0<2E�6��v�36+'&0(��� ��������������������������������B�9=�C�

�7(0&0(��+6%$?(5�&,�&77(55$A2(��&08�06�5<,08(5$4(�&7(0<2E�6�9��8(�8$/8(50�A$6'&55�

76,7(,0+&0$6,)�8$/8(50�/+6@08�+&0(�&,?�08(�8$/8(50�5*A50+&0(�76,%(+5$6,�(33$7$(,7<�36+�

���� A&70(+$&� @(+(� +(�6+0(?� 6,� &7(0&0(� &'6,/� 608(+� 6+/&,$7� &7$?5� B�<&+)� �+6/2*)�

�17(2)�&,?��1,?14���� \��*)��$6*)�&,?��((�����C9��7(0&0(�(,0(+5�08(�����7<72(�&0�

&7(0<2E�6�)� @8$78� $5� 7&0&2<4(?� A<� 08(� &7(0<2E�6�� 5<,08(0&5(� BJ9�9�9�C� (,4<'(�

&776+?$,/�06�(^*&0$6,��9=�9��

����v�&7(0&0(�v��6�� ���
��v�?$�865�8&0(�v�&7(0<2E�6�����������������������������B�9=�C�

�8(��&08@&<�63��+6�$6,&0(�5<,08(5$5� 50&+05�@$08� 08(� 36+'&0$6,�63�&7(0<2E�6��3+6'�

7&+A6,�5*A50+&0(5�5*78�&5�5*/&+5)�&2768625)�6+/&,$7�&7$?5�6+�3&00<�&7$?5�&,?�76'�+$5(5�

/2<6G<2&0()�A*0&,6&0(�&,?��+6�&,6&0(�'(0&A62$5'59��+6�$6,$7�&7$?�$5�?$+(702<�2$,;(?�

@$08� �+6�&,6<2E�6�� 08+6*/8� &� +(%(+5$A2(� +(&70$6,9� �+6�&,6<2E�6�� $5� 5<,08(5$4(?�

3+6'�7+606,<2E�6��$,�/2<6G<2&0(9��8(�'&$,��+(7*+56+�36+�7+606,<2E�6��5<,08(5$4(?�

A*0&,6&0(�'(0&A62$5'�$5�&7(0<2E�6�9�����$5�&,�$,0(+'(?$&0(��+6?*70�@8$78�(%62%(5�

$,�A*0&,6&0(�'(0&A62$5'�?*+$,/�7+606,<2E�6��5<,08(5$5�3+6'�&7(0<2E�6�9��+6�$6,&0(�

76,0+$A*0(5�06�08(�����7<72(�&2569�
0�$5�76,%(+0(?�06��+6�&,6<2E�6��&,?�(,0(+5�����

7<72(�&0�&�2(%(2�63�5*77$,<2E�6��$,��+6�&,6&0(�'(0&A62$5'9��
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	(&70$6,�5<50('�63�7+606,<2E�6��5<,08(5$5�3+6'�&7(0<2E�6��$,�A*0&,6&0(�'(0&A62$5'�

B���(,?$G��C-�

�7(06&7(0<2E�6��36+'&0$6,�A<�&7(0<2E�6���E&7(0<20+&,53(+&5(�B�9=9�9 C-�

��&7(0<2E�6�� ��6��v�&7(06&7(0<2E�6���� ��������������������������������������������B�9==C�

B�CE=E8<?+6G<A*0&,6<2E�6��36+'&0$6,� A<� =E8<?+6G<A*0<+<2E�6�� ?(8<?+6/(,&5(�

B�9�9�9�MLC-�

B�CE=E8<?+6G<A*0&,6<2E�6��v�����v� �=E&7(06&7(0<2E�6��v�������v��v��������B�9=IC�

B	CE=E8<?+6G<A*0&,6<2E�6��36+'&0$6,�A<�&7(06&7(0<2E�6��+(?*70&5(�B�9�9�9=JC-�

B	CE=E8<?+6G<&7<2E�6��v�����v� �=E6G6&7<2E�6��v�������v��v�����������������B�9=MC�

B=	CE=E8<?+6G<A*0&,6<2E�6�� 36+'&0$6,� A<� =E8<?+6G<A*0<+<2E�6�� ?(8<?+&0&5(�

BI9�9�9MMC-�

B=	CE=E8<?+6G<A*0&,6<2E�6�� �7+606,<2E�6��v���������������������������������������B�9=JC�

	(&70$6,� 5<50('� 36+� �+6�&,6<2E�6�� 5<,08(5$5� 3+6'� 7+606,<2E�6�� $,� /2<6G<2&0(�

'(0&A62$5'�B���(,?$G��C-�

�+606,<2E�6�� +(?*70&5(� B�9=9�9>MC� 7&0&2<4(5� 7+606,<2E�6�E?(�(,?(,0� 6G$?&0$6,� 63�

������ $,� 08(� �+(5(,7(� 63� ���9� �8(,� ���� $5� &A5(,0)� 08(� (,4<'(� 7&0&2<4(5� 08(�

+(?*70$6,�63�7+606,<2E�6��06�A*0&,6<2E�6�)�A*0�@$08�6,2<���u�63�'&G$'&2�&70$%$0<�

B+(2&0$%(�06�7+606,<2E�6��7&+A6G<2&0$6,C�$,�(^*&0$6,��9=L9�

7+606,<2E�6��v�����v�������v��v�j�B��CE(08<2'&26,<2E�6��v�����v������������B�9=LC�

B�CE'(08<2'&26,<2E�6��36+'&0$6,�A<�'(08<2'&26,<2E�6��(�$'(+&5(�BM9�9  9�C-�

�B�CE'(08<2'&26,<2E�6��j�B	CE'(08<2'&26,<2E�6������������������������������������������������������B�9=>C�

�08<2'&26,<2E�6��'*0&5(�BM9I9  9J=C�$5�$,%62%(?�$,�08(�(08<2'&26,<2E�6���&08@&<�

36+�&7(0<2E�6��&55$'$2&0$6,�@$08�76(,4<'(�����36+�&70$%$0<�$,�(^*&0$6,��9= 9�

B�	CE(08<2'&26,<2E�6��j�B��CE'(08<25*77$,<2E�6������������������������������������������B�9= C�
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B��CE'(08<25*77$,<2E�6��?(8<?+6/(,&5(�B�9=9>9��C�$5�$,%62%(?�$,�08(�(08<2'&26,<2E

�6���&08@&<�36+�&7(0<2E�6��&55$'$2&0$6,9��8(�(,4<'(�76,0&$,5����9��8(+(�(03��$5�

(2(70+6,E0+&,53(+�32&%6�+60($,�$,�(^*&0$6,��9I�9�

B��CE'(08<25*77$,<2E�6��v�(03��j�
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��v�?$�865�8&0(�v��+6�&,6<2E�6������������������������B�9I=C�

�+6�$6,&0(�$5�&55$'$2&0(?�A<�76,%(+0$,/��+6�&,6<2E�6��&,?�(,0(+5�08(�����7<72(�&0�

08(�2(%(2�63�5*77$,<2E�6��A<�76''6,�'(0&A62$7�+6*0(�'(08<2'&26,<2E�6�9�

�+6�$6,<2E�6��36+'&0$6,�A<�BJ9I9�9=C�

����v��+6�&,6<2E�6��v����=
E�j�����v��865�8&0(�v�B�CE'(08<2'&26,<2E�6��B�9IIC�

'(08<2'&26,<2E�6��(�$'(+&5(�BM9�9  9�C�

B�CE'(08<2'&26,<2E�6�� �B	CE'(08<2'&26,<2E�6���������������������������������������������B�9IMC�

�*77$,<2E�6��36+'&0$6,�A<�'(08<2'&26,<2E�6��'*0&5(�BM9I9  9�C�

B	CE'(08<2'&26,<2E�6��j�5*77$,<2E�6���������������������������������������������������������������B�9IJC�
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,� &??$0$6,� 06� $562(*7$,()� '(08$6,$,()� &,?� %&2$,(� ?(/+&?&0$%(� '(0&A62$7� �&08@&<)�

�+6�&,6<2E�6��$5�&256��+6?*7(?�3+6'�?(/+&?&0$6,�63�6??E78&$,�3&00<�&7$?�B�6(0)��6(0)�

&,?��+&00�����C9�

�*� (0� &29� B����C� +(�6+0(?� 08&0� Rhodopseudomonas palustris 7&, *0$2$4(� &7(0&0()�

�+6�$6,&0()� '&2&0()� &,?� 2&70&0(� 36+� 8<?+6/(,� �+6?*70$6,� 86@(%(+)� &7(0&0(� &,?�

�+6�$6,&0(�&+(�'6+(�3&%6+&A2(�36+������+6?*70$6,9��<+*%&0(�&,?�6G&26&7(0&0(�&+(�08(�

'&$,� '(0&A62$0(5� 63� 2&70&0(� &,?� '&2&0()� 08*5� &7(0<2E�6�� '&<� ,60� A(� 5<,08(5$4(?�

5*33$7$(,02<�06��+6?*7(����9�
,�76,0+&50)�&7(0&0(�&,?��+6�$6,&0(��+6'60(�&7(0<2E�6��

&,?��+6?*7(�����B�*)��$6*)�&,?��((�����C9��
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2.6. Factors Affecting Photofermentative Hydrogen Production

�<?+6/(,��+6?*70$6,�A<�����A&70(+$&�?(�(,?5�6,�5(%(+&2��8<5$626/$7&2��&+&'(0(+5�

5*78�&5�0('�(+&0*+()���)�2$/80�$,0(,5$0<)�A&70(+$&2�50+&$,)�7&+A6,�&,?�,$0+6/(,�56*+7(5)�

7&+A6,�06�,$0+6/(,�+&0$6�'6?(�63�6�(+&0$6,�&,?�&%&$2&A$2$0<�63�?$33(+(,0�'(0&259��

�

2.6.1. Effect of pH

�8(����63�08(�(G0(+,&2�7(22�$5�&,�$'�6+0&,0�3&706+�36+�08(�/+6@08�63�'$7+66+/&,$5'5�

5$,7(� $0� �&+0$&22<� ?(0(+'$,(5� 08(� 7<06�2&5'$7� 6+� $,0+&7(22*2&+� ��� @8$78� &33(705� 08(�

(,4<'(� &70$%$0<� &,?� +(&70$6,� +&0(5)� �+60($,� 50&A$2$0<)� 50+*70*+(� 63� ,*72($7� &7$?5� &,?�

608(+�A$626/$7&2�'62(7*2(5�B�26,74(@5;$�(0�&29���� C9��8(��+606,�'60$%(�36+7(�B�
�C�

(G�+(55(?� $,� 0(+'5� 63� '�� ?(�(,?5� 6,� 08(� ?$33(+(,7(� A(0@((,� $,0+&7(22*2&+� &,?�

(G0+&7(22*2&+����&,?�08(�0+&,5'('A+&,(�?$33(+(,7(�$,�(2(70+$7&2��60(,0$&29��8(��
��$5�

&,�&20(+,&0$%(�(,(+/<�56*+7(�36+�08(�7(22�06��+6?*7(�����&,?�+(^*$+(?�36+�(G78&,/(�63�

'(0&A62$0(5�&,?� $6,5)� 08(� 267&2$4&0$6,�63�7(22�?$%$5$6,�&,?�7<065;(2(0&2��+60($,5�&,?�

+(/*2&0$6,�63� &*062<5$5� B�2&55(+)�:(+,)� &,?��(@'&,����IC9��(,(+&22<)� 08(�A&70(+$&�

0(,?�06�;((��08($+�7<06�2&5'$7����%&2*(�52$/802<�8$/8(+�08&,�08(�(G0(+$6+����06�?+$%(�

08(��v�$6,5�$,06�08(�7(22�A<�/(,(+&0$,/�,(/&0$%(��
��$,�08(�7(22�B:&58;(0�� >MC9��,�
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$,&��+6�+$&0(� (G0(+$6+� ��� 2(&?5� 06� ��� 86'(650&5$5� $,� 6+?(+� 06� +(/*2&0(� �
�9� �8(�

6�0$'*'� ��� 36+� 8<?+6/(,� �+6?*70$6,� $5� L9�� ����9�� 36+� R. capsulatus� A($,/�

,(*0+&26�8$2$7� /+&'E,(/&0$%(� A&70(+$&� B
(+*/*)� �$+$58&')� &,?� 	(??<� ����C9� �6�

6%(+76'(�26@���)�?$33(+(,0�50+&0(/$(5�&+(�*5(?�A<�/+&'E,(/&0$%(�,(*0+6�8$2$7�A&70(+$&�

5*78� &5� 5(^*(50(+$,/� 08(� $,0+&7(22*2&+� �+606,5� @$08� A$678('$7&2� +(&70$6,5� @8$78�

76,5*'(��+606,5�6+�/(,(+&0(�&''6,$&9�

�

Figure 2.5.��78('&0$7�+(�+(5(,0&0$6,�63�&22�08(�'(78&,$5'5�63��+60(70$6,�&/&$,50�&7$?�50+(55�08&0�7&,�
677*+�$,�/+&'E,(/&0$%(�A&70(+$&9��8(�&'$,6�&7$?�?(7&+A6G<2&5(F&,0$�6+0(+�5<50('5�BA2*(C)�?(�(,?(,0�

6,�/2*0&'&0(�B�2*\��&?��F�&?�C)�&+/$,$,(�B�+/\��?$�F�?$�C)�2<5$,(�B�<5\��&?�F�&?�C�&,?�
6+,$08$,(�B�+,\���(�F�60�C�76,5*'(�$,0+&7(22*2&+��+606,59��8(�/2*0&'$,(�B�2,CE?(�(,?(,0�5<50(')�
76,5$50$,/�63�/2*0&'$,&5(��A&��B/+(<C�&,?�/2*0&'$,(F/2*0&'&0(�&,0$�6+0(+��&?�9��8(�7<06�2&5'$7�

�,&:�&,?��+6���B6+&,/(C�&,?��(+$�2&5'$7��?(��&,?��?(��B?&+;�+(?C�&+(�78&�(+6,(59�����$5�
7<726�+6�&,(�3&00<�&7$?5�&,?�����$5�*,5&0*+&0(?�3&00<�&7$?59��/'-�&/'&0$,()�����-�hE&'$,6A*0<+$7�

&7$?�B�*,?�(0�&29����IC9�

�

�8(� &'$,6� &7$?E?(�(,?(,0� ?(7&+A6G<2&0$6,� $5� &� �+606,E76,5*'$,/� A$678('$7&2�

+(&70$6,� 6,� 56'(� &'$,6� &7$?5� 5*78� &5� /2*0&'&0()� 2<5$,()� &+/$,$,()� &,?� 6+,$08$,(9�

�6,5*'�0$6,�63� $,0+&7(22*2&+��+606,5�?*+$,/�?(7&+A6G<2&0$6,�;((�5� 08(� $,0(+,&2����

5*$0&A2(�36+�7(22�5*+%$%&29��&78�?(7&+A6G<2&5(�(,4<'(�A(76'(5�&70$%(�@8(,�08(����

?+6�5�A(26@�J9��(7&+A6G<2&5(5�&+(�267&0(?�$,�08(�7(22�'('A+&,(�&,?��+6%$?(�(,0+<�63�
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&'$,6�&7$?5�&,?�(G$0�63�08(�?(7&+A6G<2&0$6,��+6?*7059��0�&7$?$7�(,%$+6,'(,0)��+606,�

'6%(5�$,06�08(�7(22�&,?�&7$?$3<�08(�7<06�2&5'�&,?�/2*0&'&0(�?(7&+A6G<2&0$6,�50&+059�

�2*0&'&0(�$5�0+&,5�6+0(?�A<��&?��&,?�76,%(+0(?�06�hE&'$,6A*0<+$7�&7$?�B����C�A<�

�&?�F�� A<� 76,5*'$,/� 6,(� �+606,� &,?� +(2(&5$,/� ���9� v�� 78&+/(?� ����� $5�

0+&,53(++(?� 06� �(+$�2&5'� 6+� (G0(+,&2� (,%$+6,'(,0� @$08� 08(� 76,76'$0&,0� /2*0&'&0(�

*�0&;(9��*+08(+)������'&<�862?��+606,�$,�08(��(+$�2&5'�6+�6*0�63�08(�7(22)�$,�/+&'E

,(/&0$%(� A&70(+$&� B	$78&+?� &,?� �650(+� ���IC9� �+/$,$,(E?(�(,?(,0� 5<50('� $5� &256�

&70$%&0(?�&0�26@���9�v��78&+/(?E&+/$,$,(�$5�76,%(+0(?�$,06�v�E78&+/(?�&/'&0$,(�@$08�

08(� 76,5*'�0$6,� 63� 6,(� �+606,� &,?� 08(� +(2(&5(� 63� ���� A<� ?(7&+A6G<2&5(� �?$�9�

�/'&0$,(�$5�0+&,53(++(?�06�08(��(+$�2&5'�6+�6*0�63�08(�7(22�A<��?$�9��8(�0+&,5267&0$6,�

63�&+/$,$,(�&,?�&/'&0$,(�76,0+$A*0(5��
��&7+655�08(�'('A+&,(�B	$78&+?�&,?��650(+�

���IC9��8(��&?�5<50('�$5�&,608(+�76,?$0$6,&2�50+(55�+(5�6,5(�@8$78�$5�$,?*7(?�6,2<�&0�

26@���9��8(��&?�5<50('�76,5$505�63��&?��(,4<'()�0+&,5�6+0��+60($,��&?�)�&,?�08(�

+(/*2&06+<� �+60($,� �&?�9� �<5$,(� $5� 76,%(+0(?� 06� 7&?&%(+$,(� A<� 08(� ?(7&+A6G<2&5(�

�&?��@$08��v�76,5*'�0$6,9��&?��&226@5�$'�6+0$,/�63�5*A50+&0(�2<5$,(�&,?�(G�6+0�63�

08(� 7&?&%(+$,(9� �$08� 08(� 76,5*'�0$6,� 63� �+606,)� $,0+&7(22*2&+� �v� 76,7(,0+&0$6,� $5�

+(?*7(?� B
&,56*+$)� �6*,6*)� &,?� �6*,6*� ���>C9� 
,� &7$?$7� '(?$*')� 08(� &,0$�6+0�

�+60($,� �60�� 7&0&2<4(5� 08(� (G78&,/(� 63� �*0+(5$,(E�*0+(5$,(� &,?� 6+,$08$,(E6+,$08$,(�

B:&58$@&/$�(0�&29��  �C9��

�+(&�$5�8<?+62$4(?�A<�*+(&5(�&,?�76,%(+0(?�06�&''6,$&�B��=C�&,?����9��''6,$&�

�+6?*70$6,�8&5�&�+62(�$,�08(��+60(70$6,�63�08(�7(22�3+6'�&7$?�50+(55�5$,7(���=�$5�*5(?�$,�

&�+(&70$6,�@8$78�76,5*'(5��+606,9��($'$,&5(�&,?�?(&'$,&5(�5<50('5�76'A$,(�08(�

&''6,$&�@$08�$,0+&7(22*2&+��+606,5�&,?��+6?*7(�08(�&''6,$*'�$6,�B��I
vC�06�$,7+(&5(�

��� $,� 08(� 7(22� B�*,?� (0� &29� ���IC9� �<06�2&5'$7� �,&:� &,?� �+6��� &,?� �(+$�2&5'$7�

�?(��&,?��?(��&+(�08(�'62(7*2&+�78&�(+6,(5�(%62%(�*,?(+�&7$?�50+(55�B�*,?�(0�&29�

���IC9� �,&:� �+60($,� $5� $,7+(&5(?� $,� +(5�6,5(� 06� &,� &7$?� 5867;� 06� $'�&$+� /+6@08�

7&�&7$0<�$,�26@E���'(?$&�B`*�(0�&29����LC9��+6���$5�^*$+(�+(5$50&,7(�06�8(&0�5867;)�

(08&,62)� &,?� 3+((4$,/� A*0� 5(,5$0$%(� 06� 6G$?&0$%()� 5&2$,()� &,?� 65'60$7� 50+(55(5)� $,�

76,0+&50�06��+6��)��,&:�$5�*,&A2(�06�+(5$50�8(&0�5867;�B�*5$,�(0�&29����JC9��,5&0*+&0(?�



�

�
�

=��
�

3&00<�&7$?5�B���5C�$5�76,%(+0(?�06����5�@$08�08(�&??$0$6,�63�&�'(08<2�/+6*��3+6'��E

&?(,65<2E'(08$6,$,(� 06� 08(� ?6*A2(� A6,?� 63� ���� 06� ?(7+(&5(� �+606,� �(+'(&A$2$0<�

*,?(+�&7$?�50+(55�B�*,?�(0�&29����IC9�

�+60(70$6,�'(78&,$5'�&/&$,50�&7$?�50+(55�+(?*7(5�08(�$,0+&7(22*2&+��+606,�76,0(,0�&,?�

+(5*205� $,� 26@�8<?+6/(,��+6?*70$6,� B�*)��$6*)� &,?��((�����C9��*+08(+'6+()���I
v�

@8$78� $5� 08(� �+6?*70� 63� 08(� ?($'$,&5(E?(&'$,&5(� 5<50('� +(�+(55(5� 08(� ,$0+6/(,&5(�

&70$%$0<� @8$78� $5� +(5�6,5$A2(� 36+� 8<?+6/(,� �+6?*70$6,� B�&;*,$,� &,?� �&22(,A(7;�

����C9��

�0$2$4&0$6,�63� 5*/&+5�&5� &�7&+A6,�56*+7(�A<�����A&70(+$&� 7&*5(5�%62&0$2(� 3&00<�&7$?�

&77*'*2&0$6,� @8$78� +(5*205� $,� &7$?$3$7&0$6,� ?*+$,/� 8<?+6/(,� �+6?*70$6,9� �$*� (0� &29�

B���IC�+(�6+0(?�08&0��86063(+'(,0&0$%(�8<?+6/(,��+6?*70$6,�6,�/2*765(�$,7+(&5(?�A<�

IMu�@8(,����@&5�;(�0�&0�&,�6�0$'*'�%&2*(�36+�����A&70(+$&9�
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@$08� 08(� 08(6+<� 63� &7$?EA&5(� (^*$2$A+$&)� 08(� +(2&0$%(� �+6�6+0$6,5� 63� 7&+A6,� ?$6G$?()�
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2.6.2. Effect of Temperature

�<?+6/(,��+6?*70$6,�$5�&,�(,4<'&0$7�+(&70$6,�@8$78�8$/82<�&33(70(?�A<�0('�(+&0*+(9�

�6@E0('�(+&0*+(� %&2*(5� 526@� ?6@,� 6+� 506�� 08(� '(0&A62$5')� 86@(%(+)� 8$/8E

0('�(+&0*+(�%&2*(5�7&,�7&*5(�A&70(+$&2�?(&089��8(�6�0$'*'�0('�(+&0*+(�36+�8<?+6/(,�

�+6?*70$6,�$5�=�E=M�6��B�&5$;&2&)�	&'&,&)�&,?�	&/8*%((+�	&6��  �C�@8$2(�6�0$'*'�

0('�(+&0*+(�8&5�A((,� +(�6+0(?�&5�=�� 6�� 36+�,$0+6/(,&5(� (,4<'(�&70$%$0<� B	&$,A$+?)�

�0;$,5)�&,?��&0(�� >=C9�R4/1+�(0�&29�B����C�+(�6+0(?�08&0�?&$2<�0('�(+&0*+(�32*70*&0$6,5�
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�

2.6.3. C/N Ratio

�<?+6/(,� �+6?*70$6,� $,� �86065<,08(0$7� A&70(+$&� 677*+5� *,?(+� ,$0+6/(,E2$'$0(?�

(,%$+6,'(,0�A<�,$0+6/(,&5(�(,4<'(�08*5�7&+A6,�06�,$0+6/(,�+&0$6�$5�6,(�63�08(�7+*7$&2�

�&+&'(0(+5� 36+�8<?+6/(,��+6?*70$6,9��F�� +&0$6�8&5�A((,� 3+(^*(,02<� +(�6+0(?� $,� 08(�

+&,/(� A(0@((,� IM� &,?� IJ� $,� 08(� 2$0(+&0*+(� B�,?+6/&)� �4/*+)� (0� &29� ����\� �,?+6/&)�

R4/1+)�(0�&29�����A\��6+&,�(0�&29�����C�B�,?+6/&�(0�&29����I\�R4/1+)��<&+)�(0�&29�����\�

�(%$,7� (0� &29� ����C9� �6@� �F�� +&0$6� &78$(%(?� A<� $,7+(&5$,/� 08(� ,$0+6/(,� 56*+7(�

76,7(,0+&0$6,� @&5� 6A5(+%(?� 06� &77(2(+&0(� /+6@08� &,?� 5*A50&,0$&22<� +(?*7(� 08(� 2&/�

�(+$6?�A*0�&256� 36*,?� 06�*20$'&0(2<� +(5*20� $,�8$/8�7(22�?(,5$0$(5�@8$78� 2$'$0(?� 2$/80�

0+&,5'$55$6,� B�&%&50*+;)� :&<&8&,)� &,?� :6;*� ���>C9� �,� 08(� 608(+� 8&,?)� 8$/8� �F��

+&0$65� 5*78� &5� 08(� 3+(^*(,02<� 7$0(?� +&,/(� 63� IMEMJ� $,� 08(� 2$0(+&0*+(� &+(� 6�0$'&2� 36+�

8<?+6/(,��+6?*70$6,�A*0�+(5*20�$,�&�526@�50&+09�

�

2.6.4. Effect of Light

�$/80� $,0(,5$0<� &,?� 2$/80E?&+;� 7<72(� &+(� 0@6� ;(<� �&+&'(0(+5� 08&0� &33(70� 8<?+6/(,�

�+6?*70$6,9��$/80�8&5�&,�$'�6+0&,0�(33(70�6,�8<?+6/(,��+6?*70$6,�5$,7(�,$0+6/(,&5(�

5<,08(5$5� $5� 50$'*2&0(?� A<� 2$/80� &,?� ,$0+6/(,&5(� &70$%$0<� $,7+(&5(5� $,� R. capsulatus 

B:6;*�(0�&29�����C9��8(�8<?+6/(,��+6?*70$%$0<�$,7+(&5(?�@$08�$,7+(&5$,/�2$/80�$,0(,5$0<�
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*,0$2� +(&78(?� 5&0*+&0$6,� &0� &+6*,?� �L��F'�� B�<&+� (0� &29� ���LC9� �8(� '&G$'*'�

8<?+6/(,��+6?*70$6,�+&0(�6A0&$,(?�&0��L9M�6��&,?��>L��F'��B�,?+6/&�(0�&29����IC9�


6+(6%(+)� 08(� 2&7;� 63� $,3+&+(?� 2$/80� BLM�_ M�,'� @&%(2(,/08C� ?(7+(&5(5� 08(�

�8606�+6?*70$6,�63�8<?+6/(,�A<�= u�B�<&+�(0�&29����LC9��

�<72$7�$22*'$,&0$6,��(+$6?)�2$/80F?&+;�7<72(�+(5*205�$,�'6+(�50&A2(�,$0+6/(,&5(�&70$%$0<�

B
(<(+)� :(22(<)� &,?� �$/,&$5� � L>C9� 
0� 8&5� A((,� +(�6+0(?� 08&0� 586+0� $,0(+'$00(,0�

2$/80F?&+;� 7<72(� B=�� '$,� 2$/80F=�� '$,� ?&+;C� $,7+(&5(?� 8<?+6/(,� �+6?*70$%$0<�

B�&;&<&'&�(0�&29�����C9��

2.7. Molasses as a Feedstock for Hydrogen Production

�$626/$7&2�8<?+6/(,��+6?*70$6,�$5�6,(�63�08(�'650�5*50&$,&A2(�'(086?5�5$,7(�$0�7&,�A(�

7&++$(?�6*0�*,?(+�6*0?66+�76,?$0$6,5�A(7&*5(�63�08(�&A$2$0<�63�����A&70(+$&�06�*5(�&�

@$?(�5�(70+*'�63�2$/80�&0�&'A$(,0�0('�(+&0*+(�&,?�*0$2$4(�%&+$(0<�@&50(5�&5�&�7&+A6,�

56*+7(9��&+$6*5�@&50(5�5*78�&5�62$%(�'$22�(332*(,0)� 5*/&+�+(3$,(+<�@&50(@&0(+)�?&$+<�

$,?*50+<� @&50(@&0(+)� A+(@(+<� @&50(@&0(+)� &,?� /2<7(+62� 8&%(� A((,� *5(?� 36+�

�86063(+'(,0&0$%(�8<?+6/(,��+6?*70$6,�B:(5;$,�&,?��&22(,A(7;�����C9��


62&55(5� $5� &,� $'�6+0&,0�A<E�+6?*70�63� 08(�7+<50&22$4&0$6,��+67(55�63� 5*/&+�A((0�6+�

5*/&+�7&,(�+(3$,$,/�$,?*50+<�36+�5*/&+��+6?*70$6,9��((0�'62&55(5�&+(�%$576*5�&,?�?&+;E

7626+(?�5<+*�5�@8$78�@(+(�*5(?�&5�3$+50�5@((0(,(+5�$,�8*'&,�,*0+$0$6,�B�&+$7�(0�&29�

���JC9��*/&+�A((0�'62&55(5�$5�*5(?�&5�&�7&+A6,�56*+7(�36+�?&+;)��86063(+'(,0&0$%(�&,?�

$,0(/+&0(?� 5<50('5� 36+� 5*50&$,&A2(� 8<?+6/(,� �+6?*7(� 5$,7(� $0� 8&5� &� 8$/8� 5*7+65(�

76,0(,0� &+6*,?� M�u� A<� @($/80)� %&+$6*5� ,$0+6/(,� 56*+7(5� B&'$,6� &7$?5C� &,?� 0+&7(�

(2('(,05�08&0��+6'60(�,$0+6/(,&5(�&70$%$0<�5*78�&5�$+6,�&,?�'62<A?(,*'9��


,�08$5�08(5$5)�5*/&+�A((0�'62&55(5�@&5�0&;(,�3+6'�&�5*/&+�3&706+<�$,��,;&+&)��*+;(<�

B�,;&+&��(;(+��&A+$;&5OC9�

�*7+65(�76,0&$,$,/�'62&55(5�*0$2$4&0$6,�A<�?$33(+(,0�5�(7$(5�&,?�3(+'(,0&0$6,��+67(55�

@&5� 0&A*2&0(?� B�&A2(� �9�C9� �8(� 8$/8(50� 8<?+6/(,� �+6?*70$6,� @&5� +(�6+0(?� A<� ?&+;�
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3(+'(,0&0$6,�63�'62&55(5�$,�(G�&,?(?�/+&,*2&+�52*?/(�A(?�B����C�+(&706+�@8$78�8&?�

&�@6+;$,/�%62*'(�63�=9=M�29��6+�0@6E50(��5(^*(,0$&2�?&+;�3(+'(,0&0$6,)� 08(�8$/8(50�

8<?+6/(,� �+6?*70$6,� @&5� �9=L� '62� ��FB'=98C� $,� MM� '2� /2&55� A6002()� @8(,� +(706+�

%62*'(�$,7+(&5(?� 06�I� 2)��+6?*70$%$0<�?(7+(&5(?� 06��9JL9��86063(+'(,0&0$%(��+67(55�

586@(?�A(00(+��+6?*70$%$0<�+(5*20�@8(,�+(&706+�%62*'(�$,7+(&5(?�36+�08(�*0$2$4&0$6,�63�

'62&55(5� &5� �9IL� '62� ��FB'=98C9� �6� 6*+� ;,6@2(?/()� ��� 76,0+62� ?$?� ,60� *5(� 36+�

�86063(+'(,0&0$%(�8<?+6/(,��+6?*70$6,�@$08�'62&55(5�*0$2$4&0$6,�A<������A&70(+$&9�

�&A2(��9�. Biological hydrogen production on sugar beet molasses by different processes
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��=�B8*�EC�

�9=L� J9I� BR4/1+)�
&+5)�
(0�&29�����C�
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2.8. Biological Hydrogen Production in the Middle East Technical University

:6;*�?('6,50+&0(?�08&0�/2*0&'&0(�76*2?�A(�*0$2$4(?�&5�&�7&+A6,�56*+7(�$,�&??$0$6,�06�

&�,$0+6/(,�56*+7(9� 
0�@&5� 36*,?� 08&0�,$/80F?&+;�7<72(�&33(70(?�8<?+6/(,��+6?*70$6,�

�65$0$%(2<9� �(22� /+6@08� *,?(+� 08(� &A5(,7(� 63� 7&+A6,� 56*+7(� @&5� &00+$A*0(?� 06� 08(�

*0$2$4&0$6,�63��+6?*7(?�����B:6;*�����C9�

�&A&,6N2*�$,%(50$/&0(?�08(��(+36+'&,7(�63�&,�>����&,(2�562&+�A$6+(&706+�*,?(+�6*0?66+�

76,?$0$6,59� �2$%(� '$22� @&50(@&0(+� @&5� *5(?� &5� &� 562(� 7&+A6,� 56*+7(9� �8(� 8$/8(+�

&'6*,0�63�����&,?�7&+60(,6$?�@&5�6A0&$,(?�3+6'�6*0?66+�76,?$0$6,5�@8(,�76'�&+(?�

06�$,?66+�76,?$0$6,59��8$5�@&5�$,0(+�+(0(?�&5�����A($,/�506+(?�06�5*��2<�(,(+/<�36+�

?&+;��(+$6?5�B�&A&,6N2*�����C9�

�40*+;�50*?$(?�08(�*�0&;(�8<?+6/(,&5(�63�R. capsulatus�50+&$,5�&,?�$0�@&5�+(�6+0(?�

08&0�08(�8<?+6/(,��+6?*70$6,�(33$7$(,7<�63�R. capsulatus�50+&$,5�@&5�$,7+(&5(?�A<�08(�

78+6'656'&2�$,&70$%&0$6,�63�*�0&;(�8<?+6/(,&5(�/(,(59�R. capsulatus���=�B8*�EC)�&�

'*0&,0�50+&$,�2&7;$,/�08(�*�0&;(�8<?+6/(,&5(�@&5�/(,(0$7&22<�'6?$3$(?�BR401+;����MC9�

�<&+�+(�6+0(?�08&0�/2*0&'&0(�@&5�08(�A(50�,$0+6/(,�56*+7()�&??$,/�$+6,�$,7+(&5(?�08(�

8<?+6/(,��+6?*70$6,�?+&50$7&22<)� $,3+&+(?� 2$/80� BLM�E M��,'C�@&5�%(+<�7+*7$&2)� &,?�

0('�(+&0*+(� %&2*(� 586*2?� A(� A(26@� I�� 6�� 36+� /+6@089� 
0� @&5� ?('6,50+&0(?� 08&0� R. 

capsulatus���=�B8*�EC�8&5�A(00(+��+6?*70$%$0<�@8(,�76'�&+(?�06�R. capsulatus�@$2?�

0<�(�B�<&+����>C9��

�,?+6/&�586@(?�08&0�06�+(&78�50&A2(�A$6'&55�/+6@08)�/2*0&'&0(�76,7(,0+&0$6,�586*2?�

A(�&?T*50(?9�
,�08(�50*?<)��&,(2��8606A$6+(&706+�B>��C�@&5�6�(+&0(?�&0�&�5$,/2(�50&/(�

@$08�Rhodobacter capsulatus ��=�B8*�EC9��7(0&0(�&,?�/2*0&'&0(�@(+(�*5(?�36+�7&+A6,�

&,?� ,$0+6/(,� 56*+7()� &,?� 76,7(,0+&0$6,5� 63� 08('� @(+(� 6�0$'$4(?� $,� 08(� 3((?9� �8(�

6�0$'*'��F��@&5�+(�6+0(?�&5��M�$,�08(�3((?�&,?�08(�8$/8(50��+6?*70$%$0<�@&5�6A0&$,(?�

&5��9>�''62���F�798���9>�'62���FB'=98C�B�,?+6/&���� C9��

�%7O6/2*�57&2(?�*��562&+��&,(2��8606A$6+(&706+�06�����9�
,0(/+&0(?�5<50('�@8$78�$5�&�

76'A$,&0$6,�63�?&+;�&,?��8606�3(+'(,0&0$%(��+67(55�36+�8<?+6/(,��+6?*70$6,�@$08�R. 
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capsulatus�@$2?�0<�(�B��
��L��C�&,?���=�8*�E�@&5�*5(?9��&+;�3(+'(,06+�(332*(,0�63�

'62&55(5� 76,0&$,$,/� &7(0&0(� &,?� 2&70&0(� @&5� *5(?� &5� &� 7&+A6,� 56*+7(9� �8(� 8$/8(50�

�+6?*70$%$0$(5�@(+(�6A0&$,(?�&5��9J �&,?��9�>�''62���F�798�B��FB'=98C�@8$2(�*5$,/�I�

��&,?�������&,(2��8606A$6+(&706+5)�+(5�(70$%(2<�A<�R. capsulatus���=�B8*�EC9����@&5�

76,0+622(?�@$08�56?$*'�7&+A6,&0(�A*33(+�B�(%2(+��V;U(��%7$6/2*�����C9��

�

�6+&,� &$'(?� 06� $'�2('(,0� 562&+� �$260� 0*A*2&+� +(&706+� 36+� 8<?+6/(,� �+6?*70$6,9�


,0(/+&0(?�5<50('�8<?+6/(,��+6?*70$6,�@$08�R. capsulatus�@$2?�0<�(�B��
��L��C�&,?�

��=�8*�E�@&5�*5(?9��8(�3$+50�0$'()�562&+�0*A*2&+��8606A$6+(&706+�B ���C�'&?(�*��63�

26@E?(,5$0<��62<(08<2(,(�B����C�@&5�?(%(26�(?�&5��&+&22(2�@$08�08(�/+6*,?9��662$,/�

76$2� 5<50('� @&5� $,0(/+&0(?9� ���� 63� '62&55(5� @&5� *5(?� &5� &� 7&+A6,� 56*+7(� 63�

�86063(+'(,0&0$6,9��8(�8$/8(50��+6?*70$%$0<�@&5�+(�6+0(?�&5��9���'62����F'=98�36+�R.

capsulatus���=�B8*�EC9��8(�(G�(+$'(,0�2&50(?��M�?&<5�&,?����@&5�76,0+622(?�@$08�

56?$*'�7&+A6,&0(�A*33(+�B�6+&,�����C9�

�

�&NO+�$,%(50$/&0(?�A$626/$7&2�8<?+6/(,��+6?*70$6,�7&�&7$0<�36+�36*+�?$33(+(,0��*+�2(�

,6,E5*23*+�A&70(+$&� BRhodobacter capsulatus� B��
��L��C)�Rhodobacter capsulatus�

��=�B8*�EC)�Rhodopseudomonas palustris�B��
���LC�&,?�Rhodobacter sphaeroides�

�9�9����B��
�M>JICC9��8(�0<�(�63�7&+A6,�56*+7(�*5(?)�5*7+65(�6+�'62&55(5)�@&5�08(�

608(+��&+&'(0(+�$,�&??$0$6,�06�08(�A&70(+$&�50+&$,9��8(�(G�(+$'(,0�@&5�7&++$(?�6*0�$,�

M�� _� �M�� '2� A&078� 5'&22� 57&2(� /2&55� A6002(� +(&706+5� *,?(+� $,?66+� 76,?$0$6,59� �8(�

8$/8(50� 8<?+6/(,� �+6?*70$%$0<� @&5� 36*,?� &5� �9L>� B''62F�798C� 36+� R. palustris� 6,�

5*7+65(9��776+?$,/�06�8$/8(50�8<?+6/(,��+6?*70$%$0<�6,�'62&55(5)��9MM)��9I�)��9M�&,?�

�9���B''62F�798C�36+�R. palustris)�R. capsulatus���=�B8*�EC)�R. sphaeroides�&,?�R.

capsulatus�@$2?�0<�()�+(5�(70$%(2<9��30(+�R. palustris)�R. capsulatus���=�B8*�EC�8&5�

08(�8$/8(50��+6?*70$%$0<�B�&NO+�����C9�

�

�,?+6/&�&$'(?�06�76,0+62�0('�(+&0*+(�&,?�?(5$/,�&��E0*A(�0*A*2&+�+(&706+�'&?(�63�

/2&559�����7662$,/�76$25�@(+(�$,5(+0(?�$,5$?(��E0*A(5��&+&22(2�06�(&78�608(+9�
0�@&5�

36*,?�08&0�76*,0(+E7*++(,0�7662$,/�@&5�'6+(�(33(70$%(�36+�08(�0*A*2&+�+(&706+�06�76,0+62�
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08(� 0('�(+&0*+(9� �8(� 8$/8(50� 8<?+6/(,� �+6?*70$6,� +&0(� @&5� 6A0&$,(?� &5� �9=� '62�

��FB'=98C�B�,?+6/&����IC9�

�

:&<&8&,�&256�?(5$/,(?�&�0*A*2&+��8606A$6+(&706+�B E����C9��2&55��E0*A(5�@(+(�*5(?�

&,?� �*0� 6,� 06�� 63� (&78� 608(+� &,?� 76,,(70(?� @$08� �� '&,$362?5� @8(,� 76'�&+(?� 06�

�,?+6/&�@6+;9��8(�+(&706+�@&5�6�(+&0(?�&0�5$,/2(�50&/(��86063(+'(,0&0$6,9�
62&55(5�

&,?� &7(0$7� &7$?� @(+(� *5(?� &5� &� 7&+A6,� 56*+7(� A<� R. capsulatus� ��=� B8*�EC� &,?�

76'�&+(?9��8(�8$/8(50�8<?+6/(,��+6?*70$%$0<�@&5� +(�6+0(?�&5��9=��&,?��9��I�'62�

��FB'=98C� 36+�'62&55(5�&,?�&7(0$7�&7$?)� +(5�(70$%(2<9��8(�(G�(+$'(,05� 2&50(?���E���

?&<59����@&5�0+$(?�06�76,0+62�*5$,/��60&55$*'��865�8&0(�A*33(+�$,�08(�$,$0$&2�'(?$*'�

&,?�&??$,/�3((?�8&%$,/�8$/8����%&2*(�B:&<&8&,����MC9�

�

�&%&50*+;� 57&2(?� *�� 08(� 0*A*2&+� +(&706+� ?(5$/,(?� A<� :&<&8&,� 3+6'�  � �� 06� ��� �9�


62&55(5�@&5�*5(?�&0�5$,/2(�50&/(��86063(+'(,0&0$6,�A<�R. capsulatus���=�B8*�EC�&,?�

&??$,/� &� 8$/8� &'6*,0� 63� /2*0&'&0()� �F�� +&0$6� @&5� 26@(+(?� &776+?$,/� 06� �+(%$6*5�
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2.9. Developments of pH Control Strategy
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2.10. PID Control System

�+6�6+0$6,&2E$,0(/+&2E?(+$%&0$%(� B�
�C� 76,0+62� $5� &,� (++6+EA&5(?� 3((?A&7;� 76,0+62�

@8$78�$5�76''6,2<�,&'(?�&5�08+((E0(+'�76,0+629��
��76,0+62�$5�6,(�63�08(�$'�6+0&,0�

&,?�@$?(2<�*5(?�$,?*50+$&2�76,0+622(+5�?*(�06��&50�+(76+?�5*77(55)�@$?(�&%&$2&A$2$0<�&,?�

5$'�2$7$0<�$,�*5(9��8(�76,0+622(+�7&27*2&0(5�08(�(++6+�%&2*(�(B0C�&5�&�?$33(+(,7(�A(0@((,�

08(�?(5$+(?�5(0��6$,0�+B0C�&,?�08(��+67(55�6*0�*0�<B0C�76,0$,*6*52<�&,?�+(?*7(5�08(�(++6+�

5$/,&2�06�4(+6�A&5(?�6,�5<50('��+6�6+0$6,&2)�$,0(/+&2�&,?�?(+$%&0$%(��&+&'(0(+59��8(�

3*,70$6,�63�08(�3((?A&7;�76,0+62�5<50('�$5�06�5*��2<�08(�?(5$+&A2(�?<,&'$7�&,?�50(&?<E

50&0(� +(5�6,5(� 78&+&70(+$50$7� 6,� 7265(?E266�� 5<50('� A<� '$,$'$4$,/� 08(� (33(70� 63�

?$50*+A&,7()� (2$'$,&0$,/� 08(� 50(&?<E50&0(� (++6+� &,?� +(?*7$,/� 08(� (G7(55$%(� 76,0+62�

&70$6,�B�&2%6E	622(�(0�&29�����\��68,56,�(0�&29����M\��(A6+/�(0�&29�����C9���

�

�

Figure 2.6.��<�$7&2��
��76,0+62�50+*70*+(9�<B0C-��+67(55�6*0�*0)�+B0C-�5(0�6$,0)�*B0C-�76,0+622(+�6*0�*0)�
?B0C-�?$50*+A&,7(�5$/,&2)�(B0C-�(++6+�5$/,&2�

�

�

�

�+6�6+0$6,&2�76,0+62�$5�?(,60(?�A<�08(��E0(+'�$,�08(��
��76,0+629��8(�76,0+622(+�/&$,�

B:7C� $5� &?T*50(?� 06� '&;(� 08(� 76,0+622(+� 6*0�*0� 7265(� 06� 5(0� �6$,09� �8(� �+6�6+0$6,&2�



�

�
�

I��
�

76,0+62� 6*0�*0� $5� �+6�6+0$6,&2� 06� 08(� (++6+� 5$/,&2� &776+?$,/� 06� 36226@$,/� (^*&0$6,�

B�(A6+/�(0�&29�����C-�

�

���������������������������������������������������������������������������������������������������������������������

@8(+(�*B0C�$5�76,0+622(+�6*0�*0)�(B0C�$5�(++6+�5$/,&2�&,?�� �$5�A$&5�B50(&?<E50&0(C�%&2*(9�

�8(,�08(�(++6+�$5�4(+6)�76,0+622(+�6*0�*0�$5�&0�,6'$,&2�50(&?<E50&0(�%&2*(9��8(�'&$,�

?$5&?%&,0&/(�63��+6�6+0$6,&2E6,2<�76,0+62�$5�50(&?<E50&0(�(++6+�B6335(0C9�


,0(/+&2� 76,0+62� $5� ?(,60(?� A<� 08(� 
E0(+'� $,� 08(� �
�� 76,0+622(+9� 
� $5� +(3(++(?� 06� &5�

$,0(/+&2�0$'(�6+�+(5(0�0$'(�@8$78�8&5�*,$05�63�0$'(9��6+�$,0(/+&2�76,0+62)�08(�&?T*50&A2(�

�&+&'(0(+�$5� 
�06�+(?*7(�08(�(++6+�$,�(^*&0$6,��9I>9��^*&0$6,�63�$,0(/+&2�76,0+62�$'�2$(5�

08&0�*�78&,/(5�@$08�0$'(�*,2(55�(++6+�%&2*(�$5�(^*&2�06�4(+69��(,�0$'(�$,0(/+&2�$5�*5(?)��

6335(0� $5�4(+69��$,7(��+6�6+0$6,&2�76,0+62�&70$6,�$5�3&50)� $,0(/+&2�76,0+62� $5�/(,(+&22<�

*5(?� @$08� �+6�6+0$6,&2� 76,0+629� � �8(� ?$5&?%&,0&/(� 63� *5$,/� $,0(/+&2� 0$'(� $5� 08&0� $0�

�+6?*7(5�657$22&06+<�+(5�6,5(5�63�08(�76,0+622(?�%&+$&A2(�B�(A6+/�(0�&29�����C9�

�

�����������������������������������������������������������������������������������������������������

�8(�3*,70$6,�63�08(�?(+$%&0$%(�76,0+62�&70$6,�$5�06��+(?$70�08(�3*0*+(�A(8&%$6+�63�08(�

(++6+�5$/,&2�?(�(,?$,/�6,�$05�+&0(�63�78&,/(9��(+$%&0$%(�76,0+62�$5�(G�+(55(?�@$08�08(�

36226@$,/�(^*&0$6,)�@8(+(� ��$5�08(�?(+$%&0$%(�0$'(�$,�*,$05�63�0$'(9��(+$%&0$%(�&70$6,�

$5�,(%(+�*5(?�&26,(9��(+$%&0$%(�76,0+62�&70$6,�76,0+$A*0(5�08(�$'�+6%('(,0�63�?<,&'$7�

+(5�6,5(�63�08(�76,0+622(?�%&+$&A2(�A<�+(?*7$,/�5(002$,/�0$'(�B�(A6+/�(0�&29�����C9��

�

�6'A$,&0$6,� 63� 08(� �+6�6+0$6,&2)� $,0(/+&2� &,?� ?(+$%&0$%(� 76,0+62� '6?(5� 76,50$0*0(5�

�
��76,0+62�5<50('�@8$78�$5�(G�+(55(?�$,�08(�(^*&0$6,9�



�

�
�

I��
�

�

�

�
����76,0+62�5<50('�8&5�A((,�/(,(+&22<�*5(?�$,�+&7(@&<�&,?�6�(,��8606A$6+(&706+5�

06��+6?*7(�A$6'&55�3+6'�'$7+6&2/&(�08&0�7&,�A(�*5(?�$,�3((?)�366?)�&,?�765'(0$759�

����$5�*5(?�06�76,0+62����%&2*(�?*+$,/�08(��86063(+'(,0&0$6,9��8(5(�+&7(@&<�+(&706+5�

8&%(����'=�@6+;$,/�%62*'(�B�&++(�6E�&/&++&�(0�&29���� C�

�

2.11. pH Control for Biological Hydrogen Production
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�&A2(��9�. pH-controlled biological hydrogen production by different processes
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CHAPTER 3

3. MATERIALS AND METHODS

�

3.1. The Bacterial Strain


,� &22� 63� 08(�(G�(+$'(,05)� Rhodobacter capsulatus���=� B8*�EC�@&5�*5(?9��8$5� $5� &�

'*0&,0�50+&$,�6A0&$,(?�A<��+9��&%*4�R401+;�B�
��)����
��:�
�
�_��(A4(C�3+6'�

08(� @$2?E0<�(� ��
� �L��� A<� ?(2(0$,/� 08(� /(,(� 76?$,/� 36+� 08(� *�0&;(� 8<?+6/(,&5(�

(,4<'(�B8*�EC9�
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3.2. Culture Media

3.2.1. Solid Media
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3.2.2. Growth Media
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��� '
� /2*0&'&0(� &5� ,$0+6/(,� 56*+7(� @&5� *5(?� 36+� 08(� /+6@08� 63� A&70(+$&� &30(+�
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3.2.3. Molasses Adaptation Media
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3.2.4. Hydrogen Production Media
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3.3. Implementation and Construction of pH Control System

3.3.1. pH Control System Selection

�6� 6A0&$,� 26,/E0(+'� �86063(+'(,0&0$%(� 8<?+6/(,� �+6?*70$6,� *0$2$4(?� @&50()�

&*06'&0(?����76,0+62�$5�,(7(55&+<9���*A*2&+�+(&706+�@&5�*5(?�5$,7(�$0�$5�(&5$(+�06�57&2(�
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08+6*/8� �&+&22(2� 0*A(5� &,?� +(&706+� '(?$*'� @&5� '$G(?� @$08� 08(� 7$+7*2&0$6,� A<�

�(+$50&20$7��*'��76,0$,*6*52<9�
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?(7+(&5(�08(�,*0+$(,0�/+&?$(,05�$,�08(�+(&706+�&,?�(&5(5�08(�5(�&+&0$6,�63�08(��+6?*7(?�

A$6/&5� 3+6'� 08(� +(&706+� '(?$*'9� �6@(%(+)� 08(+(� $5� &,� 6�0$'*'� 326@� +&0(� %&2*(9�

�776+?$,/�06�&�50*?<)�8<?+6/(,��+6?*70$%$0$(5�@(+(�6A0&$,(?�3+6'�08(�+(&706+5�'$G(?�

&0�I�)�>�)�����&,?��J��+�'�&,?�08(�+(&706+�'$G(?�����+�'�8&?�08(�8$/8(50��+6?*70$%$0<�

&5��9L�'62��FB'=98C�B�2$7;$,/(+)����=C9��$/8�'$G$,/��6@(+�'&<�7&*5(�7(22�?&'&/(�

A(7&*5(�63�58(&+�50+(559�
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3.3.2. Implementation to the Reactor
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Figure 3.2.��8(��$70*+(�63�����6+0�$,�	��� �>�L9�
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Figure 3.3.��8(��$70*+(�63�����6+0�$,�	���J�>�>9�
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3.3.3. Tuning Parameters
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Figure 3.6.�	(5�6,5(�7*+%(�63����$,�8<?+6/(,��+6?*70$6,�'(?$*'�B��
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�&A2(�=9�. Parameters of PID controller.
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3.4. Experimental Set-up of Outdoor Experiments

�

3.4.1. Pilot Scale Tubular Photobioreactor

�8(�+(&706+�76,5$505�63�I�/2&55��E0*A(5�&5�586@,�578('&0$7&22<�$,��$/*+(�=9L)�&,?�$,�
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J9M�7'9��8(��E0*A(5�&+(�0$20(?�=�����@$08�+(5�(70�06�08(�86+$46,0&2�&G$5�06�3&7$2$0&0(�

7622(70$6,�63�08(��+6?*7(?�/&59��8(�0*A(5�&+(�76,,(70(?�@$08��%(+0$7&2�'&,$362?5)�6,(�
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�+6?*7(?�/&5�$,��E0*A(5�$5�7&++$(?�6*0�A<�'(?$*'�326@�&,?��+(55*+(�?$33(+(,7(5�$,�08(�

0*A(5�6,�08(�8(&?5�&7(�63�'&,$362?5�&,?�0+&,53(++(?�06�08(�/&5�7622(70$6,�*,$0�%$&�6,(E

@&<� 78(7;� %&2%(59� �8*5)� 8(&?5�&7(� �+(55*+(5� &+(� ;(�0� 76,50&,0� A<� 6,(E@&<� 78(7;�

%&2%(5�B��
���C�&0��F=��5$9��$,7(�(&78�0*A(�76,,(70(?�@$08�08(�6*02(0)�08(�'&,$362?�

$5�(2(%&0(?�&0�&,�&,/2(�63�=����&A6%(�08(�$,2(0�'&,$362?)�&,?�A(7&*5(�08(�326@�?$+(70$6,�

$5� 08+6*/8�08(�6*02(0)�'650�63�08(��+6?*7(?�/&5�$5�7622(70(?�$,�08(�8(&?5�&7(�63�08(�

6*02(0�'&,$362?9��8(�060&2�2$^*$?�@6+;$,/�%62*'(�63�08(���	�$5�����9�

�62<*+(08&,(��$�(5�8&%$,/�M9M�''�$,2(0�?$&'(0(+�&,?�>�''�6*02(0�?$&'(0(+�@(+(�*5(?�

&5�08(�76,,(70$6,�2$,(5�A(0@((,�08(�/&5�6*02(0�63�08(�'&,$362?5�&,?�08(�/&5�7622(70$6,�

*,$09��8(�/&5�7622(70$6,�*,$0)�'&?(�63�/2&55)�8&5�&�%62*'(�63�&A6*0�����9��8(�@&0(+�

?$5�2&7('(,0�'(086?�@&5�*5(?�06�7622(70��+6?*7(?�/&5�$,�08(�/&5�7622(70$6,�*,$09��

�&78��E0*A(�8&5���5&'�2(��6+059��3�08(�>��6+05�6,�08(�0*A(5�63�08(���	)�I�@(+(�*5(?�

36+�5&'�2$,/�&,?�08(�608(+5�@(+(�*5(?�06�$,5(+0�08(+'676*�2(5�06�'(&5*+(�0('�(+&0*+(9��

���(+$50&20$7��*'��B
&50(+32(G�JI�IE=JC�@&5�*5(?�06�'$G�08(�+(&706+�'(?$*'9��8(�

2$^*$?�+(&706+�'(?$*'�@&5�7$+7*2&0(?�76,0$,*6*52<�A<�&�7$+7*2&0$6,��*'��&0�&�+&0(�63�

J���F89��
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,�6+?(+�06�;((��08(�+(&706+�0('�(+&0*+(�A(26@�I�����?*+$,/�08(�?&<)�&�7662$,/�5<50('�

@&5� *5(?9� �8(� 7662$,/� 5<50('� 76,5$505� 63� &� 08(+'676*�2(� @8$78� 76,0$,*6*52<�

'(&5*+(5�0('�(+&0*+(�63�+(&706+)�&��+67(55�@&0(+�7662(+�B��R�������J��C�&,?��*'��

B���	������:'�J�C�&,?�&�0('�(+&0*+(�76,0+62�*,$09��8(�7662��+67(55�@&0(+�(,0(+5�

08(���	�%$&�A608�'&,$362?5�&,?�326@5�$,06�08(�5�$+&2�/2&55�76$25�$,5(+0(?�$,�'&,$362?5)�

76*,0(+E7*++(,0� 06� 08(� 7*20*+(� '(?$*'9� �8(� �+67(55� @&0(+� 08&0� 8&5� @&+'(?� ?*(� 06�

+&?$&0$%(�&,?�76,%(70$%(�8(&0�0+&,53(+�3+6'�08(�5*++6*,?$,/5)�2(&%(5�08(���	�3+6'�08(�

(G$0��6+05�63�08(�'&,$362?5)�&,?�$5�7662(?�&,?�+(0*+,(?�06�08(�+(&706+�A<�08(�7662$,/�

5<50('9��8(�7$+7*2&0$6,�+&0(�$5�+(/*2&0(?�A<�08(�7662$,/�5<50('�&776+?$,/�06�08(�+(&706+�

0('�(+&0*+(�'(&5*+(?�A<�08(�08(+'676*�2(9��

�

3.4.2. Process Flow Diagram

�8(� �+67(55� 326@� ?$&/+&'� $5� �+(5(,0(?� A(26@� B�$/*+(� =9LC9� �8(� 2$^*$?� $,72*?$,/�

8<?+6/(,� �+6?*70$6,� '(?$*'� &,?� A&70(+$&� @&5� 7$+7*2&0(?� A<� &� �(+$50&20$7� �*'�9�

�$+7*2&0(?� +(&706+� '(?$*'� (,0(+(?� 3+6'� 08(� A6006'� 63� 08(� $,2(0� '&,$362?� &,?�

?$50+$A*0(?�06�08(�0*A(5�A<�'&,$362?9��8(�2$^*$?�326@(?�08+6*/8�0*A(5�&,?�'$G(?�$,�

6*02(0�'&,$362?9��8(�'$G(?�2$^*$?�@&5�0&;(,�3+6'�08(�A6006'�63�08(�6*02(0�'&,$362?�

&,?�+(7$+7*2&0(?�A<�&��(+$50&20$7��*'�9��+6?*7(?�/&5�&77*'*2&0(?�$,�08(�8(&?5�&7(5�

63�'&,$362?5�&,?�7622(70(?�$,� 08(�/&5�7622(70$6,�*,$0� 08+6*/8�78(7;�%&2%(5�B�I�&,?�

�MC9��8(�78(7;�%&2%(5�6�(,(?�@8(,�08(�/&*/(��+(55*+(�$,�8(&?5�&7(5�(G7((?(?��F=�

�5$9� �8(� 78(7;� %&2%(5� @(+(� 6,(� @&<� 56)� �+6?*7(?� /&5� 76*2?� ,60� 76'(� A&7;� 06�

8(&?5�&7(9��662$,/�@&0(+�(,0(+(?�3+6'�08(�A6006'�63�A608�'&,$362?5�&5�586@,�&5����

$,�&,?�(G$0(?�3+6'�08(�06��63�08(�'&,$362?5�&5�586@,�&5����6*09�>��6+05�@(+(��2&7(?�

6,�08(�+(&706+9�I��6+05����E��I�@(+(�0('�(+&0*+(��6+059�I��6+05�@(+(�*5(?�36+�5&'�2$,/9��

�
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�((?$,/�@&5�3(?�06�+(&706+�$,�0@6�@&<59��$+502<)�����3((?�@&5�/$%(,�06�08(�+(&706+�&,?�

(^*&2�%62*'(�63�+(&706+�2$^*$?�@&5�5$'*20&,(6*52<�0&;(,�06�'&$,0&$,�76,50&,0�+(&706+�

%62*'(�&,?�&%6$?��+(55*+(�$,7+(&5$,/9����@&5�7265(?�06�506��7$+7*2&0$6,�&,?�3((?$,/�

2$,(�B��C�&,?�?$578&+/(�2$,(�B�=C�@&5�6�(,(?9��(76,?2<)�&,�(^*&2�%62*'(�63�3((?$,/�

@&5�3(?�06�08(�+(&706+�3+6'�I�5&'�2(��6+05�06�?$50+$A*0(�08(�3((?�86'6/(,(6*52<9��

�

�

Figure 3.7.��78('&0$7�?$&/+&'�63�08(��E0*A(�+(&706+�@$08�08(����76,0+62�5<50('�36+�&,&(+6A$7�
�86063(+'(,0&0$%(�8<?+6/(,��+6?*70$6,9���-��62?��&0(+�50+(&'5)���E�I-�08(+'676*�2(��6+05)���E

�=-�3((?$,/F?$578&+/(�%&2%(5)��IE�M-��&5�78(7;�%&2%(59�

�

3.4.3. Operation

3.4.3.1. Leakage Test

�8(�+(&706+�76,,(70$6,5�63�0*A(5�@(+(�0$/80(,(?�'&,*&22<9���6&��A*AA2(5�@(+(�&��2$(?�

06�&22�76,,(70$6,5�6,��E0*A(5�&,?��+(55*+$4(?�&$+�@&5�/$%(,�06�&,�('�0<�+(&706+�A<�&�

76'�+(556+�06�?(0(70�2(&;&/(9��6+�7$+7*2&0$6,��$�(�76,,(70$6,5�$,72*?$,/�%&2%(5)��$�(�

0((5�&,?�@(+(��2&7(?�$,�&�@&0(+� 0&,;�&,?�76'�+(55(?�&$+�@&5�&��2$(?�06�?(0(70�&,<�

A*AA2(�6,�@&0(+9������+6A(�&,?�A&5(�3((?$,/��6+05�B76,50+*70(?�$,�	���J�>�>C�@(+(�

0(50(?�$,�&�@&0(+�0&,;�@$08�76'�+(55(?�&$+�&30(+��+6A(�&,?�3((?$,/�2$,(�@(+(�76,,(70(?�

0$/802<9��
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3.4.3.2. Sterilization

�8(�+(&706+�@&5�3$22(?�@$08�=�u�8<?+6/(,��(+6G$?(�B����C�562*0$6,�&,?�7$+7*2&0(?�36+�

�I�86*+59��30(+�08(�+(&706+�@&5�('�0$(?)�3$22(?�@$08�?$50$22(?�@&0(+�6,2<�&,?�7$+7*2&0(?�

36+� ��� 86*+59� �6� +('6%(� &22� 8<?+6/(,� �(+6G$?()� 08(� +(&706+� @&5� 7$+7*2&0(?� @$08�

?$50$22(?�@&0(+���0$'(5�36+���86*+�A(36+(�50&+0*��63�08(�(G�(+$'(,09�

�

3.4.3.3. Inoculation and Start-Up Procedure

�8(�+(&706+�@&5�6�(,(?�06�08(�&0'65�8(+(�&,?�6,2<�7$+7*2&0$6,��$�(�@&5�76,,(70(?�

@$08�08(�+(&706+9��8(�A&70(+$&�@(+(�$,67*2&0(?�$,06�8<?+6/(,��+6?*70$6,�'(?$*'�$,�

������2&50$7�A6002(9��8(� +(&706+�@&5�3$22(?�@$08� 08(� 2$^*$?�'(?$*'�$,� 08(�A6002(�%$&�

3((?$,/� 2$,(� &5� 566,� &5� �655$A2(� &30(+� 50(+$2$4&0$6,� *,0$2� &$+� @&5� 2(30� 8(&?5�&7(� 63�

'&,$362?59��$,7(�08(�%62*'(�63�8(&?5�&7(5�$5�5'&22)�&+/6,�32*58�@&5�,60�,((?(?9����

�+6A(�@&5�$,5(+0(?�$,�5(�0*'�&,?�76,,(70(?�@$08����76,0+622(+9���
��&���562*0$6,�

@&5��+(�&+(?�$,�����A6002(�&,?�76,,(70(?�@$08�08(��*'��63����76,0+622(+9��8(�A&5(�

@&5��*'�(?�08+6*/8�A&5(�3((?$,/�2$,(�06�('�0<�&$+� $,�08(�2$,(�&,?�2$,;(?�@$08�08(�

+(&706+9��&5�7622(70$6,�*,$0�@&5�3$22(?�@$08�0&��@&0(+)�76'�2(0(2<9��8(7;�%&2%(5�@(+(�

76,,(70(?�@$08�'&,$362?5�&,?�/&5�7622(70$6,�*,$09��((?$,/�&,?�?$578&+/(�2$,(�B�����

�=C�@(+(�7265(?�&,?����@&5�6�(,(?9��$+7*2&0$6,��*'��@&5�6�(,(?�06�50&+0�'$G$,/9��

�

3.4.3.4. Continuous Feeding


,�	��� �>�L)� 08(�3((?�@&5�/$%(,�@8(,�5*7+65(�76,7(,0+&0$6,�?(7+(&5(?�A(26@���

'
� $,� 08(� +(&706+� 06� (,5*+(� 08(� A&70(+$&� 06� 76,5*'(� '62&55(5� 76'�2(0(2<9� �&78�

'6+,$,/)�5*7+65(�76,7(,0+&0$6,�$,�08(�+(&706+�@&5�&,&2<4(?�A<�����)�A(36+(�3((?$,/9�


3�08(�5*7+65(�76,7(,0+&0$6,�@&5�A(26@���'
)�$0�@&5�76'�2(0(?�06�M�'
�A<�&??$,/�

'62&55(59��8(�'62&55(5�@&5�/$%(,�$,�����3((?�06�08(�+(&706+�@8$2(�����'(?$*'�$,�08(�

+(&706+�@&5� 0&;(,�6*09��8(� 3((?� $,72*?(?���'
�56?$*'�/2*0&'&0()�%$0&'$,5)� 0+&7(�

(2('(,05)��(E7$0+&0(�&,?�A*33(+9��
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�8(� 76,7(,0+&0$6,5� 63� %$0&'$,)� 0+&7(� (2('(,0)� �(E7$0+&0(� &,?� A*33(+� 562*0$6,5� @(+(�

&?T*50(?�36+�����8<?+6/(,��+6?*70$6,�'(?$*'9��8(�3((?$,/�50&+0(?�6,�I08�?&<�63�08(�

(G�(+$'(,0� @8(,� &22� 5*7+65(� 76,5*'(?� 5*??(,2<� &,?� 08(� A&70(+$&� 76,7(,0+&0$6,�

?(7+(&5(?9��


,�	���J�>�>)� 3((?$,/� 50+&0(/<�@&5� 06�;((�� 5*7+65(� 76,7(,0+&0$6,�&0� M� '
9��8(�

5&'�2(�@&5�0&;(,�3+6'�08(�+(&706+�&,?�&,&2<4(?�A<������(&78�'6+,$,/9��8(�5*7+65(�

76,7(,0+&0$6,�$,�08(�3((?�@&5�&?T*50(?�&,?�76'�2(0(?�06�M�'
9��8(�3((?�76,0&$,(?�

'62&55(5�&,?�?$50$22(?�@&0(+�6,2<9�
62&55(5�@&5�?$2*0(?�$,�����'��?$50$22(?�@&0(+�&,?�

$0�@&5�3(?�06�08(�+(&706+�3+6'�5&'�2(��6+05�63�I��E0*A(5�&0�(^*&2�%62*'(9��

�8(�+(&56,�36+�08(�78&,/(?�3((?$,/�50+&0(/<�&,?�'(086?5�@&5�?$57*55(?�$,�08(��	(5*205�

&,?��$57*55$6,]��&+09�

�

Figure 3.8.��8(��$70*+(�63�08(�(G�(+$'(,0&2�5(0*��$,�	���J�>�>�@$08����76,0+629�

�



�

�
�

J��
�

�

Figure 3.9.��8(��$70*+(�63�08(�(G�(+$'(,0&2�5(0*��$,�	��� �>�L�@$08�A&5(�3((?$,/��6+09�

�

�

Figure 3.10.��8(��$70*+(�63�08(�(G�(+$'(,0&2�5(0*��$,�	��� �>�L�@$08�����+6A(�5(�0*'9�



�

�
�

J��
�

3.4.3.5. Sampling


,�	��� �>�L�&,?�	���J�>�>,�5&'�2(5�@(+(� 0&;(,�0@6�0$'(5�&�?&<9��6+�+(&706+�

'(?$*'�&,&2<5(5)��,?�&,?�I08�0*A(5�B76*,0(?�3+6'�08(�A6006'C�@(+(�*5(?9��


,�08(�'6+,$,/)���5&'�2(5�@(+(�0&;(,�3+6'�08(�+(&706+�'(?$*'�&,?�&,&2<4(?�$,������

36+�5*7+65(�&,?�6+/&,$7�&7$?�76,7(,0+&0$6,5)������(70+6�8606'(0(+�36+����&,?���9�

�8(�/&5�%62*'(��+6?*7(?�$,�08(��+(%$6*5�?&<�@&5�+(&?�3+6'�/&5�7622(70$6,�&,?�6,(�

5&'�2(�@&5�0&;(,�3+6'�08(�06��63�$0�$,�6+?(+�06�&,&2<4(�$,���9��8(,)�08(�/&5�7622(70$6,�

*,$0�@&5�+(3$22(?�@$08�@&0(+9�
,�08(�(%(,$,/)���5&'�2(5�@(+(�0&;(,�3+6'�08(�+(&706+�

'(?$*'� &,?� &,&2<4(?� $,� ����)� ��� ��(70+6�8606'(0(+)� &,?� ��9 ��� %&2*(� @&5�

'(&5*+(?�3+6'�&22�36*+�?$33(+(,0�0*A(5�$,�56'(�?&<5�06�6A5(+%(�86'6/(,($0<�63���9��

3.5. Experimental Set-up of Indoor Experiments


,?66+� (G�(+$'(,05� @(+(� �(+36+'(?� $,� MM� '2� /2&55� A6002(5� @8$78� @(+(� *5(?� &5�

�8606A$6+(&706+59��6�7&++$(?�6*0��&+&22(2�(G�(+$'(,05�A&5(?�6,�%&+$6*5��&+&'(0(+5�08&0�

&33(70�8<?+6/(,��+6?*70$%$0<)�5'&22�57&2(��8606A$6+(&706+5�@(+(�*5(3*29��8(�+(&706+5�

@(+(�3$22(?�@$08�IM�'2�8<?+6/(,��+6?*70$6,�'(?$*')�M�'2�A&70(+$&�&,?�08(�+('&$,$,/�

M�'2�63�08(�+(&706+�%62*'(�@&5�*5(?�&5�8(&?5�&7(�06�(,&A2(�/&5�&,&2<5(59��2&7;�+*AA(+�

506��(+5�@8$78�&+(�/(,(+&22<�*5(?�36+�A266?�7622(70$6,�@(+(�*5(?�&5�08(�+(&706+�7&�9�

�(36+(�*5&/()�&22�+(&706+5�@(+(�@&58(?�@$08�L��u��08&,62�562*0$6,9��6�+('6%(�&276862�

3+6'�+(&706+5)�08(<�@(+(�@&58(?�@$08�0&��@&0(+�&,?�?$50$22(?�@&0(+9��8(,)�08(�+(&706+5�

&,?�+*AA(+�506��(+5�@(+(�&*0672&%(?�&0����� ��36+����'$,*0(59��

�30(+�/+6@$,/�6,�'62&55(5�&?&�0&0$6,�'(?$*')�A&70(+$&�@(+(�$,67*2&0(?�B���u�%F%C�

$,06�08(�+(&706+5�@8$78�@(+(�3$22(?�@$08�08(�IM�'2�8<?+6/(,��+6?*70$6,�'(?$*'�$,�

50(+$2(�2&'$,&+�326@�7&A$,9��8(�+(&706+5�@(+(�5(&2(?�@$08�+*AA(+�506��(+59��+/6,�/&5�

@&5� 32*58(?� 08+6*/8� 08(� +(&706+5� $,� =� '$,*0(5� 06� '&;(� 08(� (,%$+6,'(,0� 3*22<�

&,&(+6A$79��8(�+(&706+5�@(+(��2&7(?�$,�08(�$,7*A&06+�06�;((��08(�0('�(+&0*+(�&0�08(�

?(5$+(?�%&2*(�B�$/*+(�=9��C9��8(�$22*'$,&0$6,�@&5�5*��2$(?�A<�������0*,/50(,�2&'�59�
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�8(�2$/80�$,0(,5$0<�63�08(�+(&706+5�@&5�&?T*50(?�A<�2*G'(0(+�B�`�������IM�C9���&5�

7622(70$6,�*,$05�@(+(��M��'2�7<2$,?+$7&2�/2&55�0*A(5�&,?�3$22(?�@$08�?$50$22(?�@&0(+9��8(�

�+6?*7(?�/&5�@8$78�@&5�7622(70(?� $,�8(&?5�&7(5�63�+(&706+5�@&5� 0+&,53(++(?� 06� /&5�

7622(70$6,� *,$05� %$&� 08$,� �2&50$7� 2$,(9� �&0(+� 58$30� '(086?� @&5� *5(?� 06� '(&5*+(� 08(�

%62*'(�63��+6?*7(?�/&5�&,?�/&5�&,&2<5(5�@(+(�0&;(,�3+6'�08(�06��63�08(�+(&706+59��

�

�
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Figure 3.11.��78('&0$7�$22*50+&0$6,�63�08(�$,?66+�(G�(+$'(,0&2�5(0*�9�
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Figure 3.12.��8(��$70*+(�63�08(�(G�(+$'(,0&2�5(0*��6�(+&0(?�*,?(+�08(�$,?66+�76,?$0$6,�36+�8<?+6/(,�
�+6?*70$6,9�

�

3.5.1. Sampling

�8(�5&'�2(5�@(+(�0&;(,�3+6'�/2&55�A&078�+(&706+5�6,7(�&�?&<9���/&5�5&'�2(�@&5�0&;(,�

3+6'�08(�06��63�08(�+(&706+5�&,?�&,&2<4(?�$,���)�3$+502<9��8(��9M�'2�5&'�2(�@&5�0&;(,�

3+6'� (&78� +(&706+� '(?$*'9� �9M� '2� 5&'�2(� @&5� &,&2<4(?� $,� ��� '(0(+� &,?� ���

��(70+6�8606'(0(+� 36+� ��)� +(5�(70$%(2<9� �� '2� 5&'�2(� @&5� &,&2<4(?� $,� ����� 36+�

5*7+65(�&,?�6+/&,$7�&7$?�76,7(,0+&0$6,59��

�8(,��9M�'2�5&'�2(�@&5�0&;(,)�5&'(�%62*'(�&*0672&%(?�?$50$22(?�@&0(+�@&5�/$%(,�06�

08(�+(&706+�06�;((��08(�%62*'(�76,50&,0�&,?��+(%(,0��+(55*+(�?+6��$,�08(�+(&706+9�
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3.6. Experimental Procedure

3.6.1. Preparation of Inoculum

�22�2$^*$?�06�2$^*$?�$,67*2&0$6,�@&5��(+36+'(?�@8(,�A&70(+$&2����+(&78(?�06��9��_��9M�

&0�JJ��,'�@$08���u�%F%�$,67*2&0$6,�+&0$6)�&,?�A&70(+$&2�/+6@08�$,�0*A(5�@&5�7&++$(?�

6*0� $,� &,� $,7*A&06+� B����� 7662(?� $,7*A&06+� ���M�C� &0� =�� 6�� &,?� $22*'$,&0$6,� 63�

����E�M���2*G�A<�0*,/50(,�2&'�59�

��5$,/2(�7626,<�63�A&70(+$&�@&5�+('6%(?�3+6'�562$?�
����&/&+��2&0(�&,?�$,67*2&0(?�

$,06��9M�'2����(,?6+3� 0*A(� $,72*?$,/�/+6@08�'(?$&9����(,?6+3� 0*A(5�@(+(�@&$0(?�

B&A6*0���?&<5C�&0�08(�$,7*A&06+9��9M�'2�A&70(+$&�@(+(�$,67*2&0(?�06��M�'2�/+6@08�'(?$&9�

�8(,)�A&70(+$&�@(+(�0+&,53(++(?�06�M��'2�63��50�&?&�0&0$6,9��30(+�&A6*0�=J�86*+5�&0�08(�

$,7*A&06+)�08(<�@(+(�$,67*2&0(?�06�M��'2��,?�&?&�0&0$6,�'(?$&�@$08�08(�5&'(�$,67*2*'�

+&0$69� �?&�0(?� A&70(+$&� @(+(� $,67*2&0(?� @$08� %&+$6*5� $,67*2&0$6,� +&0$6� 06� 8<?+6/(,�

�+6?*70$6,�'(?$*'�06�+(&78�08(�?(5$+(?�$,$0$&2�A&70(+$&2�76,7(,0+&0$6,9�

�

3.6.2. Storage of the Bacteria

�2<7(+62�@&5�?$2*0(?�@$08�?$50$22(?�@&0(+�B=��u�%F%C�&,?�&*0672&%(?9��8(,�A&70(+$&�

3+6'�/+6@08�'(?$*'�@&5�$,67*2&0(?�B�F=�%F%C�$,06��9M�_���'2�7+<6/(,$7�%$&25�$,72*?$,/�

/2<7(+62�562*0$6,9��6+�26,/�0(+'�506+&/(�63�08(�A&70(+$&)�%$&25�@(+(�;(�0�&0�E>��6�9��

�

3.6.3. Base Media

�� 
� �&��� @8$78� @&5� *5(?� $,� 08(� ��� 76,0+62� 5<50('� 562*0$6,� @&5� �+(�&+(?� @$08�

?$50$22(?�@&0(+9��6+�50(+$2$4&0$6,)�08(��&���562*0$6,�@&5�&*0672&%(?�&0�����6��36+����

'$,*0(59�
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3.7. Analyses

�

3.7.1. Molasses Analyses


62&55(5�@&5�6A0&$,(?�3+6'��,;&+&��*/&+��&706+<)��*+;(<�B���(,?$G��C9��8(�5*/&+�

76,0(,0)�?(,5$0<�&,?�08(�76,7(,0+&0$6,�63�56'(�(2('(,05�B�&)�:)��&)�
/)��()�
,)�&,?�

�,C�@(+(�+(�6+0(?�A<�08(��,;&+&��*/&+��&706+<9��8(�060&2�&'$,6�&7$?5�&,?�'$,(+&25�

B�()�
6)��)�:C�@(+(�&,&2<4(?�A<��14(,��6+@(50��&A6+&06+<)��,;&+&)��*+;(<9��*7+65(�

36+'5��M�u�@F@�63�'62&55(59��2*0&'$7�&7$?�@&5�0&;(,�$,06�&776*,0�&5�08(�,$0+6/(,�

56*+7(�$,�'62&55(5�@8(,�/2*0&'&0(�@&5�&??(?�06�+(&78�08(�?(5$+(?��F��+&0$69��$,7(�

08(�'62&55(5�,((?(?�06�A(�?$2*0(?�06�&?T*50�08(�5*7+65(�76,0(,0)��(�&,?�
6�@(+(�&256�

,((?(?�06�A(�&??(?�06�6A0&$,�08(�?(5$+(?�&'6*,05�,(7(55&+<�36+�A&70(+$&2�/+6@089��

�

3.7.2. Sugar and Organic Acid Analysis

��*7+65(�&,?�6+/&,$7�&7$?�76,7(,0+&0$6,5�3+6'�08(�+(&706+�@(+(�&,&2<4(?�A<�&��$/8E

�(+36+'&,7(��$^*$?��8+6'&06/+&�8<�B����C�5<50('�B�8$'&?4*����C9��8(�5&'�2(5�

@(+(�3$20(+(?�@$08����y'�3$20(+5�A(36+(�&,&2<5$59������8&?�0@6�?(0(706+5-�	(3+&70$%(�

$,?(G�B	
C�06�'(&5*+(�5*7+65(�76,7(,0+&0$6,�&,?����?(0(706+5�06�'(&5*+(�6+/&,$7�&7$?�

76,7(,0+&0$6,5�08&0�@6+;(?�$,�5(+$(5�&,?�(^*$��(?�@$08�&,�$6,E(G78&,/(�6+/&,$7�&7$?�

762*',�B�220(78�
��E����)�=���''�G�L9>�''C�B���(,?$G�
����C9��8(�'6A$2(��8&5(�

@&5�>9M�'
�����I�&0��9I�'�F'$,�326@�+&0(�&,?�08(�762*',�0('�(+&0*+(�@&5�JJ���9�


,T(70$6,�%62*'(�@&5����x��&,?�3$20(+(?�5&'�2(5�@(+(�$,T(70(?�06�08(�5<50('�@$08�08(�

8(2��63�&,�&*065&'�2(+�B�8$'&?4*��
�E����C9��&'�2(�0$'(�@&5�MM�'$,*0(59��

�8(� 5*7+65(� 76,7(,0+&0$6,� @&5� &,&2<4(?� A<� 	
� ?(0(706+� &,?� 6+/&,$7� &7$?5�

76,7(,0+&0$6,5�@(+(�?(0(+'$,(?�A<����?(0(706+)�5$'*20&,(6*52<9��

�8(�+(0(,0$6,�0$'(5�&,?��(&;�&+(&5�@(+(�/$%(,�A<�76'�*0(+EA&5(?�����9��&2$A+&0$6,�

@&5�?6,(�@$08�50&,?&+?�562*0$6,59��
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3.7.3. pH Analyses

�8(����63�08(�5&'�2(�36+�$,?66+�(G�(+$'(,05�@&5�'(&5*+(?�A<�&����'(0(+�B
(002(+�

�62(?6�
����C9��8(�$,50+*'(,0�@&5�7&2$A+&0(?�6,7(��(+�?&<)�A(36+(�*5&/(9��@6E�6$,0�

7&2$A+&0$6,5�@(+(�'&?(�@$08�
(002(+��62(?6����A*33(+�562*0$6,5�&5�I9���&,?�L9��9�

�6+�6*0?66+�(G�(+$'(,05)����@&5�'(&5*+(?�A<�08(��
��76,0+62�5<50(')�76,0$,*6*52<9�

�8(�76,0+62�5<50('�@&5�7*506'EA*$20�A<��&$+$,/�&�
(002(+��62(?6�
=���'(&5*+('(,0�

(^*$��(?� @$08� 76,0+62� ?(%$7(� @$08� &� �&056,E
&+26@� �7$� ^I��� �(+$50&20$7� �*'��

B'&G$'*'�326@�+&0(�63��9=��F8C�&,?�08(�����+6A(�B
(002(+��62(?6�
,�+6�=�M�F�����C9��

�

3.7.4. Cell Concentration

�8(� A&70(+$&2� 76,7(,0+&0$6,� @&5� '(&5*+(?� A<� &� ��� ��(70+6�8606'(0(+� B�8$'&?4*�

��_�>��C�&0�JJ��,'9��$50$22(?�@&0(+�@&5�*5(?�&5�&�A2&,;�562*0$6,9��,�6�0$7&2�?(,5$0<�

B��C�63��9��76++(5�6,?5�06��9IJ�/F��A&70(+$&2�7(22�76,7(,0+&0$6,�36+�R. capsulatus���=�

B8*�EC�B�&/$+�(0�&29����LC9�

3.7.5. Light Intensity


,?66+�(G�(+$'(,05�&,?�A&70(+$&2�/+6@08�&0�08(�$,7*A&06+�@&5�$22*'$,&0(?�A<�������

0*,/50(,�2&'�59��$/80�$,0(,5$0<�@&5�'(&5*+(?�A<�2*G'(0(+�B�`�������IM�C9��

�6+�6*0?66+�(G�(+$'(,05)�562&+�2$/80�$,0(,5$0<�@&5�'(&5*+(?�&,?�+(76+?(?�6,2$,(�A<�&�

@(&08(+�50&0$6,�B�&%$5��&,0&/(��+6���(&08(+��0&0$6,�(^*$��(?�@$08�&�562&+�+&?$&0$6,�

5(,56+C�76,,(70(?�06�&�76'�*0(+9�

�

�

�

�

�
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3.7.6. Temperature Measurements

�8(�+(&706+�0('�(+&0*+(�@&5�+(76+?(?�A<��(E76,50&,0&,�B�E0<�(C�08(+'676*�2(5�@$08�

&,�6,2$,(�?&0&�26//(+�B�+?(2�������C9��

�8(�&'A$(,0�&$+�0('�(+&0*+(�@&5�+(76+?(?�6,2$,(�A<�&�@(&08(+�50&0$6,�B�&%$5��&,0&/(�

�+6���(&08(+��0&0$6,C�76,,(70(?�06�&�76'�*0(+9�

�

3.7.7. Gas Analysis

�8(��+6?*7(?�/&5�76'�65$0$6,�@&5�?(0(+'$,(?�*5$,/�&��&5��8+6'&06/+&�8�B�/$2(,0�

�(78,626/$(5�J> ���C�(^*$��(?�@$08�&� 08(+'&2� 76,?*70$%$0<�?(0(706+� B���C�&,?�&�

�*�(276��&+A6G(,������762*',�B���(,?$G��C9��8(�$,T(70$6,�@&5�'&?(�@$08�&�����

x��5&'�2(�%62*'(�A<�&�5<+$,/(�B�&'$206,�������M���x��/&5E0$/80�5<+$,/(C9��+/6,�

@&5�*5(?�&5� &� 7&++$(+�/&59��8(� 326@� +&0(�63��+/6,�/&5�@&5��J�'�F'$,9��8(�6%(,)�

$,T(706+�&,?�?(0(706+�0('�(+&0*+(5�@(+(��I�)��J��&,?��L����)�+(5�(70$%(2<9�

�

3.7.8. Sodium Analysis

�� �(,@&<� ���L� �2&'(� �8606'(0(+� @&5� *5(?� 06� ?(0(+'$,(� 08(� ?&$2<� %&+$&0$6,� 63�

56?$*'�76,7(,0+&0$6,9��8(�5&'�2(�@&5�3$20(+(?�@$08��9���y'�3$20(+5�A(36+(�&,&2<5$59�

�*(2�@&5�,&0*+&2�/&59��8(�7&2$A+&0$6,�7*+%(�@&5��+(�&+(?�@$08��&�2�562*0$6,9��8+((E

�6$,0�7&2$A+&0$6,�@&5�?6,(�&30(+�(%(+<�M�5&'�2(59��

�

3.7.9. Ammonium Analysis

�''6,$&�&,&2<5(5�@(+(�7&++$(?�6*0�A<�&��&78E�&,/(���(70+6�8606'(0(+�@$08���IE

��;$05�B������������'�(+��$/8�	&,/(��''6,$&�	(&/(,0��(0��J�J EIMC9��

�

�

�
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CHAPTER 4

4. RESULTS AND DISCUSSION

�


,?66+� (G�(+$'(,05� @(+(� 7&++$(?� 6*0� $,� 5'&22� /2&55� A$6+(&706+5� BM�� '2C� @$08� R. 

capsulatus���=�B8*�EC�*0$2$4(?�'62&55(59�
,�	���M�L�>)�'62&55(5�76,7(,0+&0$6,�&,?�

�F�� +&0$6�@(+(�6�0$'$4(?�*,?(+� $,?66+� 76,?$0$6,59� 
,�	�������>)��F�� +&0$6�@&5�

6�0$'$4(?� *,?(+� 5$'*2&0(?� 6*0?66+� 76,?$0$6,� B2$/80E?&+;� 7<72(� &,?� 0('�(+&0*+(�

32*70*&0$6,C9�
,�	���=�I� )����@&5�;(�0�76,50&,0�'&,*&22<�&,?�08(�(33(70�63�76,50&,0�

���6,�'62&55(5�*0$2$4&0$6,�@&5�6A5(+%(?9��

�@6� 6*0?66+� (G�(+$'(,05� 36+� 8<?+6/(,� �+6?*70$6,� @$08� R. capsulatus� ��=� B8*�EC�

*0$2$4(?� '62&55(5� @(+(� �(+36+'(?� 6,� �E0*A(� 0*A*2&+� �8606A$6+(&706+� B���C9�

	��� �>�L)� 08(� 3(&5$A$2$0<� 63� 76,,(70$6,� �6$,05� 36+� ��� '(&5*+('(,0� &,?� A&5(�

3((?$,/� @&5� 6A5(+%(?� &,?� 2$^*$?� 2(%(2� 6,� 76,50+*70(?� /2&55� �6+05� @&5� &?T*50(?9�

�6'6/(,($0<�63����%&2*(�6,�08(��&+&22(2�50&7;(?�0*A(5�@&5�36226@(?�&,?�08(�3((?$,/�

'(086?�@&5�&?T*50(?�&776+?$,/�06�+(5*209�
,�	���J�>�>)��
�����76,0+62�@&5�&��2$(?�

06�08(�+(&706+�&,?�@6+;(?�36+�I>�?&<59��8(,����@&5�;(�0�76,50&,0)�08(�(33(705�63����

%&2*(�6,�08(�8<?+6/(,��+6?*70$6,�&,?�08(�A&70(+$&�@(+(�6A5(+%(?9��

�

4.1. Indoor Experiments

�86063(+'(,0&0$%(�8<?+6/(,��+6?*70$6,�6,�'62&55(5�&5�&� 562(�7&+A6,�56*+7(�A<� R.

capsulatus���=�B8*�EC�@&5�50*?$(?9��2*0&'&0(�@&5�,$0+6/(,�56*+7(9��$,7(�7&+A6,�06�

,$0+6/(,� +&0$6� $5� 6,(� 63� 08(� '650� $'�6+0&,0� �&+&'(0(+5� 08&0� &33(70� 08(� 8<?+6/(,�

�+6?*70$6,�&,?�50&A$2$0<�63�7(22�/+6@08)�6�0$'$4&0$6,�63� $0�@&5�,(7(55&+<9��2086*/8�

08(+(�@&5�'*78�+(5(&+78�&A6*0��F��+&0$6�$,�08(��+(%$6*5�50*?$(5)�08(+(�@&5�,6�6�0$'*'�

�F��%&2*(�@8(,�'62&55(5�@&5�*0$2$4(?�&5�&�7&+A6,�56*+7(9��
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6+(6%(+)� ,((?(?� '62&55(5� &,?� /2*0&'&0(� &'6*,0� 76*2?� ?$33(+� *,?(+� $,?66+� &,?�

6*0?66+� 76,?$0$6,5� A(7&*5(� 63� 78&,/$,/� 0('�(+&0*+(� &,?� 2$/80E?&+;� 7<72(9� 
,� 08(�

�+(5(,0�50*?<)�08(��F��+&0$6�@&5�6�0$'$4(?�36+�'62&55(5�*0$2$4&0$6,9�
,?66+�76,?$0$6,5�

@(+(�5*��2$(?�*,?(+�76,50&,0� 0('�(+&0*+(�&,?�76,0$,*6*5� $22*'$,&0$6,�&,?�6*0?66+�

76,?$0$6,5�@(+(�5$'*2&0(?�@$08�78&,/$,/�0('�(+&0*+(�B?&<�&,?�,$/80C�&,?�2$/80E?&+;�

7<72(9� ��� $5� 08(� 608(+� '650� $'�6+0&,0� 3&706+� 36+� 8<?+6/(,� �+6?*70$6,9� �8(�

76,7(,0+&0$6,�63�'62&55(5�@&5�&256�50*?$(?��+(%$6*52<�&,?�?(0(+'$,(?�&5�M�'
�@$08�

$,$0$&2� ��� +(/*2&0$6,� B:(5;$,� &,?� �&22(,A(7;� ����\� �&/$+� (0� &29� ���LC9� �6@(%(+)�

'62&55(5�*0$2$4&0$6,�$,�&�76,0+622(?����(,%$+6,'(,0�8&5�,60�A((,�50*?$(?�$,�?(0&$2�$,�

08(� 2$0(+&0*+(9� �6+� 08$5� +(&56,)� %&+$6*5� '62&55(5� 76,7(,0+&0$6,5� (33(70� 6,� 8<?+6/(,�

�+6?*70$%$0<�@$08����76,0+62�@&5�50*?$(?�&30(+�?(0(+'$,&0$6,�63�08(��F��+&0$69�

�8(�6�0$'$4&0$6,5�63�08(��F��+&0$6�36+�%&+$6*5�'62&55(5�&,?�/2*0&'&0(�76,7(,0+&0$6,5�

*,?(+�$,?66+�&,?�6*0?66+�76,?$0$6,5�@(+(��+(5(,0(?�5(�&+&0(2<�$,�5(70$6,�I9�9��&,?�

I9�9��+(5�(70$%(2<9��$,&22<)�08(�+(5*205�63�8<?+6/(,��+6?*70$%$0<�6,�'62&55(5�*,?(+����

76,0+62�@(+(�/$%(,�$,�5(70$6,�I9�9=9�

�

4.1.1. RUN150718, Optimization of C/N for Indoor Conditions

�8(�����A&70(+$&)�@8$78�@(+(�/+6@,�6,�&7(0&0(� 76,0&$,$,/�/+6@08�'(?$*')�@(+(�

&?&�0(?�06�'62&55(5�76,0&$,$,/�5*7+65(9��8(,�08(�A&70(+$&����@&5��9��>�&0�JJ��,'�

B�9 I� /F�C)� 08(<� @(+(� $,67*2&0(?� $,06� 08(� 8<?+6/(,� �+6?*70$6,� '(?$*'9� �*7+65(�

76,7(,0+&0$6,5�@(+(�78&,/(?�&5��)�M�&,?����'
�$,�8<?+6/(,��+6?*70$6,�'(?$*'9���F��

+&0$65� @(+(� +(/*2&0(?� &5� �M)=�� &,?� IM� 36+� (&78� '62&55(5� 76,7(,0+&0$6,5� A<� &??$,/�

/2*0&'&0(9��8(�$,$0$&2����@&5�L9M�&,?�=��'
�:����I�@&5�*5(?9���
,67*2&0$6,�+&0$6�

@&5���u9��8(�/2&55�A6002(�+(&706+�%62*'(�@&5�M��'29��22�+(&706+5�@(+(�32*58(?�@$08�

&+/6,�$,�=�'$,*0(5�&0�08(�50&+0*�9��8(�(G�(+$'(,0�@&5�7&++$(?�6*0�*,?(+�76,0$,*6*5�
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�&A2(�I9�. Changing molasses and C/N ratios in hydrogen production medium.
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4.1.1.1. Cell growth, Sucrose Utilization, and Hydrogen Production
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4.1.1.2. pH and Hydrogen Percentage
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4.1.1.3. Organic Acids
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4.1.2. RUN121118, Optimization C/N for Simulated Outdoor Conditions

�8(�(33(70�63�78&,/(5�$,�?&$2<�0('�(+&0*+(�&,?�2$/80F?&+;�7<72(�6,�6�0$'$4&0$6,�63��F��

+&0$6�36+�R. capsulatus���=�B8*�EC�@&5�$,%(50$/&0(?9��

�8(�����A&70(+$&�@(+(�&?&�0(?�06�'62&55(5�76,0&$,$,/�5*7+65(9��8(,�08(�A&70(+$&����

@&5�&A6*0���&0�JJ��,')�08(<�@(+(�$,67*2&0(?�$,06�8<?+6/(,��+6?*70$6,�'(?$*'9�
,�

	���M�L�>)� M� '
� 5*7+65(� 76,0&$,$,/� '62&55(5� 8&?� 08(� 8$/8(50� 8<?+6/(,�

�+6?*70$%$0<9� �8*5)� 5*7+65(� 76,7(,0+&0$6,� @&5� +(/*2&0(?� &5� M� '
� $,� 8<?+6/(,�

�+6?*70$6,�'(?$*'9��F��+&0$65�@(+(�+(/*2&0(?�&5��M)=��&,?�IM�A<�&??$,/�/2*0&'&0(9�

�8(�$,$0$&2����@&5�L9M�&,?�=��'
�:����I�@&5�*5(?9��
,67*2&0$6,�+&0$6�@&5���u9��8(�

/2&55� A6002(� +(&706+� %62*'(� @&5� M�� '29� �22� +(&706+5� @(+(� 32*58(?� @$08� &+/6,� $,� =�

'$,*0(5�&0�08(�50&+0*�9�
,�6+?(+�06�5$'*2&0(�6*0?66+�76,?$0$6,5)�&,�$,?66+�(G�(+$'(,0�

@&5� ?(5$/,(?� $,� @8$78� 0('�(+&0*+(� @&5� 78&,/(?� ?&$2<� A(0@((,� L� 6�� &,?� =�� 6��

?(�(,?$,/� 6,� 0('�(+&0*+(5� 63� 08(� 6*0?66+� (G�(+$'(,0� 08&0� @&5� 7&++$(?� 6*0� $,�

�(�0('A(+� $,��,;&+&� B	��� �>�LC9��6+�?&<�&,?�,$/80� 5$'*2&0$6,)� 08(�(G�(+$'(,0�

@&5�&256�(G�65(?�06�?&$2<�2$/80F?&+;�7<72(�B���8�2$/80F�I�8�?&+;C�A&5(?�6,�08(�5*,58$,(�

?*+&0$6,�63�	��� �>�L9�

0
2
4
6
8

10
12
14
16

0 30 60 90 120

B
ut

yr
ic

 a
ci

d 
(m

M
)

Time (h)

2 mM 15 C/N
2 mM 30 C/N
2 mM 45 C/N
5 mM 15 C/N
5 mM 30 C/N
5 mM 45 C/N
10 mM 15 C/N
10 mM 30 C/N
10 mM 45 C/N



�

�
�

>��
�

�&A2(�I9�. Changing C/N ratios for 5 mM in hydrogen production medium.


62&55(5�

B'
C���

�F�� �2*0&'&0(� �F��

�<72(�

M� �M� J� ��

M� =�� �9I� ��

M� IM� �9M� ��

M� �M� J� G�

M� =�� �9I� G�

M� IM� �9M� G�

�

�

4.1.2.1. Cell growth, Sucrose Utilization, and Hydrogen Production
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4.1.2.2. pH and Hydrogen Percentage
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4.1.2.3. Organic Acids
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4.1.3. RUN030419, Optimization of Molasses Concentration Under pH Control
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0�586*2?�A(�,60(?�08&0�08(�+*,5)�@$086*0����76,0+62)�&+(�,60�08(��+$6+�+*,5�

63��&A2(�I9�)�A*0�@(+(��+(�&+(?�06�+*,�5$'*20&,(6*52<�@$08�76,0+622(?����+(&706+59��

�&A2(�I9=. Changing molasses concentrations and constant C/N ratio in hydrogen production 

medium.
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4.1.3.1. Cell growth, Sucrose Utilization, and Hydrogen Production

�8(� A&70(+$&� ?+<� 7(22� @($/80� @&5� A(0@((,� �9�� &,?� �9�� /F�� &0� 08(� 50&+0*�9� �8(�

(G�6,(,0$&2� �8&5(� 2&50(?� &A6*0� IM� 86*+5� 36+� (G�(+$'(,05� 08&0� @(+(� �(+36+'(?� &0� &�

76,50&,0� 0('�(+&0*+(�*,?(+�76,0$,*6*5� $22*'$,&0$6,9� �8(�8$/8(50�7(22�76,7(,0+&0$6,�

@&5� �9J�� /F�� @8(,� 08(� ��� @&5� ,60� 76,0+622(?� B�$/*+(� I9��C9� �8(� 8$/8(50� 7(22�

76,7(,0+&0$6,�@&5�6A0&$,(?�&5��9>��/F��@8(,����@&5�76,0+622(?9��8(�'&$,�?$33(+(,7(�

36+�7(22�/+6@08�@&5�7(22�76,7(,0+&0$6,�?(7+(&5(?�06�&A6*0��9I�/F��&30(+�08(�50&0$6,&+<�

�8&5()� 86@(%(+)� A&70(+$&2� 7(22� 76,7(,0+&0$6,� ?(7+(&5(?� 06� &+6*,?� �9L� /F�9� �8(�

50&0$6,&+<��8&5(�2&50(?��J>�86*+5�*,?(+����76,0+62�$0�@&5�(^*&2�06�0@6�0$'(5�63�08(�

(G�(+$'(,05�*,?(+�,6����76,0+629���

�776+?$,/� 06� �$/*+(� I9��)� $0� 76*2?� A(� ?(?*7(?� 08&0� 5*7+65(� 76,5*'�0$6,� A<� R.

capsulatus� ��=� B8*�EC� @&5� ,60� &33(70(?� A<� 78&,/$,/� '62&55(5� 76,7(,0+&0$6,5� 6+�

(G$50(,7(�63����76,0+629��
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76,7(,0+&0$6,�$,7+(&5(?�06�8<?+6/(,��+6?*70$%$0<9��2086*/8�$0�8&5�A((,�+(�6+0(?�08&0�

8$/8�76,7(,0+&0$6,�B&A6%(�M'
C�63�'62&55(5�'&<�A(�8&+'3*2�B:(5;$,�&,?��&22(,A(7;�

����C)����'&<�'6?$3<�08(�(,4<'(�&70$%$0<)�08(�?$%(+5$0<�63�08(�5$?(��+6?*705�&,?�08(�

06G$7$0<�63�8&+'3*2�5*A50&,7(5�B�;82&/8$�(0�&29����L\��+&4�	6'w6�(0�&29����>\��&,/�

&,?��$*�����\��@&,/�(0�&29����I\�:8&,&2�(0�&29����I\�
9��9�:$'�(0�&29����I\��9��9��$*�

(0�&29�����\��8$�&,?��*����M\�`$(�(0�&29�����C9�
,�08$5�(G�(+$'(,0)�$0�@&5�?('6,50+&0(?�

08&0� '62&55(5� 76,7(,0+&0$6,� 7&,� A(� $,7+(&5(?� @8(,� 08(� ��� @&5� 76,0+622(?� B�$/*+(�

I9�MC9�
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Figure 4.21.��8(�/+6@08�63�A<�R. capsulatus���=�B8*�EC�6,�M)����&,?��M�'
�5*7+65(�76,0&$,$,/�
��
�@$08�IM��F��+&0$6�*,?(+�76,50&,0�0('�(+&0*+(�_�76,0$,*6*5�$22*'$,&0$6,�@$08�&,?�@$086*0����

76,0+629�
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Figure 4.22.��*7+65(�*0$2$4&0$6,�6,�M)����&,?��M�'
�5*7+65(�76,0&$,$,/���
�@$08�IM��F��+&0$6�
*,?(+�76,50&,0�0('�(+&0*+(�_�76,0$,*6*5�$22*'$,&0$6,�@$08�&,?�@$086*0����76,0+629�
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Figure 4.23.��*'*2&0$%(�8<?+6/(,��+6?*70$6,�6,�M)����&,?��M�'
�5*7+65(�76,0&$,$,/���
�@$08�IM�
�F��+&0$6�*,?(+�76,50&,0�0('�(+&0*+(�_�76,0$,*6*5�$22*'$,&0$6,�@$08�&,?�@$086*0����76,0+629�
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Figure 4.24.��8(�8<?+6/(,��+6?*70$%$0<�6,�M)����&,?��M�'
�5*7+65(�76,0&$,$,/���
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+&0$6�*,?(+�76,50&,0�0('�(+&0*+(�_�76,0$,*6*5�$22*'$,&0$6,�@$08�&,?�@$086*0����76,0+629�
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Figure 4.25.��8(����78&,/(�6,�M)����&,?��M�'
�5*7+65(�76,0&$,$,/���
�@$08�IM��F��+&0$6�*,?(+�
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4.1.3.2. Hydrogen Percentage

�<?+6/(,��(+7(,0&/(�@&5�&+6*,?�LMu�36+���
�76,0&$,$,/�M)����&,?��M�'
�'62&55(5�

*,?(+����76,0+62�B�$/*+(�I9�JC9��6@(%(+)�08(�8<?+6/(,��(+7(,0&/(�@&5�&+6*,?��Mu�

36+� �M� '
� 5*7+65(9� �8(� (G�(+$'(,0� 586@(?� 08&0� ��� 76,0+62� &33(705� 08(� 8<?+6/(,�

�*+$0<�5$/,$3$7&,02<�&,?�&226@5�08(�*5(�63�8$/8(+�'62&55(5�76,7(,0+&0$6,9��

�

Figure 4.26.��8(�8<?+6/(,��(+7(,0&/(�6,�M)����&,?��M�'
�5*7+65(�76,0&$,$,/���
�@$08�IM��F��
+&0$6�*,?(+�76,50&,0�0('�(+&0*+(�_�76,0$,*6*5�$22*'$,&0$6,�@$08�&,?�@$086*0����76,0+629�	(50�63�08(�

/&5�$5�7&+A6,�?$6G$?(9�

�

4.1.3.3. Organic acids and Ammonium


,��$/*+(�I9�L)�2&70$7�&7$?�@&5��+6?*7(?�52$/802<�8$/8(+�@$08�08(�$,7+(&5$,/�/2*0&'&0(9�

�2086*/8�36+'$7��+6?*70$6,�@&5�26@�36+�&22�+(&706+5)�$0�7&,�A(�?(?*7(?�08&0��+6?*70$6,�

63�36+'$7�&7$?��+6'60(?�A<����76,0+62�B�$/*+(�I9�>C9��2086*/8�&7(0$7�&7$?��+6?*70$6,�

?$?�,60�?$50+$A*0(�+(/*2&+2<)�$0�5(('(?�08&0�&7(0$7�&7$?��+6?*70$6,�?(7+(&5(?�@$08����

76,0+62� B�$/*+(�I9� C9��+6�$6,$7� &,?�A*0<+$7� &7$?��+6?*70$6,5�@(+(�,(/2$/$A2(9� �8(�

&''6,$*'�$6,�$5�&256��+6?*7(?�*,?(+�08(�&7$?�50+(55�A<�/+&'E,(/&0$%(�,(*0+6�8$2$7�

A&70(+$&�06�+(?*7(��+606,�$,�08(�7(22�$,�&??$0$6,�06�/2*0&'&0(�?(76'�65$0$6,�B�*,?�(0�

&29� ���IC9� �8*5)� $0� @&5� 6A5(+%(?� 08&0� ��I
v� 76,7(,0+&0$6,� @&5� %(+<� 8$/8� @8(,� ���
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?(7+(&5(?� B�$/*+(� I9=�C9� �*+08(+'6+()� &''6,$*'� $6,� +(�+(55(5� 08(� ,$0+6/(,&5(�

&70$%$0<�08&0�76,?*705�8<?+6/(,��+6?*70$6,9�
,7+(&5$,/�8<?+6/(,��+6?*70$%$0<�7&,�A(�

&00+$A*0(?�06�&''6,$*'�76,7(,0+&0$6,�08&0� $5�50+6,/2<�&33(70(?�A<����76,0+62�5$,7(�

5*7+65(�76,5*'�0$6,�?$?�,60�78&,/(�36+�5&'(�5*7+65(E76,0&$,$,/�'62&55(59��2086*/8�

$,7+(&5$,/�/2*0&'&0(�76,7(,0+&0$6,� $,7+(&5(?� 08(�&''6,$*'� $6,�76,7(,0+&0$6,)����

76,0+62� 76*2?� +(?*7(� $05� �+6?*70$6,9� 
0� 7&,� A(� 76,72*?(?� 08&0� ��� (33(70� $5� 8$/8� 6,�

&''6,$&��+6?*70$6,�@8(,�76'�&+(?�06�/2*0&'&0(�?(76'�65$0$6,9��??$0$6,&22<)�����

@&5�+(2(&5(?�*,?(+�&7$?�50+(55�?*(�06�?(76'�65$0$6,�63�08(�*+(&�&,?��+606,E76,5*'$,/�
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Figure 4.27.��&70$7�&7$?��+6?*70$6,�6,�M)����&,?��M�'
�5*7+65(�76,0&$,$,/���
�@$08�IM��F��+&0$6�
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Figure 4.28.��6+'$7�&7$?��+6?*70$6,�6,�M)����&,?��M�'
�5*7+65(�76,0&$,$,/���
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Figure 4.29.��7(0$7�&7$?��+6?*70$6,�6,�M)����&,?��M�'
�5*7+65(�76,0&$,$,/���
�@$08�IM��F��+&0$6�
*,?(+�76,50&,0�0('�(+&0*+(�_�76,0$,*6*5�$22*'$,&0$6,�@$08�&,?�@$086*0����76,0+629�
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Figure 4.30.��+6�$6,$7�&7$?��+6?*70$6,�6,�M)����&,?��M�'
�5*7+65(�76,0&$,$,/���
�@$08�IM��F��
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Figure 4.31.��''6,$*'�$6,��+6?*70$6,�6,�M)����&,?��M�'
�5*7+65(�76,0&$,$,/���
�@$08�IM��F��
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4.2. Outdoor Experiments

�

4.2.1. PID Control Tuning

�8(� 0(50� @&5� �(+36+'(?� @$08� &,� ('*2&0(?� 8<?+6/(,� �+6?*70$6,� '(?$*'� @$086*0�

A&70(+$&�*5$,/��$260E57&2(�B����C�50&7;(?�0*A*2&+�+(&706+9��&+&'(0(+5�&+(�7&27*2&0(?�&,?�

6�0$'$4(?�A<��68(,��66,�+*,,$,/�+*2(59�

�

�

Figure 4.32.��	(5�6,5(�63�08(�5<50('�36+�	���9�:7�j���)�q
�j��9��&,?�q��j��9��8(�?&58(?�2$,(�
$,?$7&0(5�08(�?(5$+(?����%&2*(�
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Figure 4.33.�	(5�6,5(�63�08(�5<50('�36+�	���9�:7�j��)�q
�j����&,?�q��j��9��8(�?&58(?�2$,(�$,?$7&0(5�
08(�?(5$+(?����%&2*(�
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�

Figure 4.34.��	(5�6,5(�63�08(�5<50('�36+�	��=9�:7�j��9�)�q
�j����&,?�q��j��9��8(�?&58(?�2$,(�
$,?$7&0(5�08(�?(5$+(?����%&2*(�

	���� @&5� 08(� &//+(55$%(� 76,0+622(+� &,?� $0� @&5� 0+$(?� 06� *,?(+50&,?� 63� &//+(55$%(�

76,0+622(+�(33(70�6,�08(�5<50('�B�$/*+(�I9=�C9��8(+(�@&5�&,�657$22&0$6,9��??$0$6,&22<)�

08(����63�	����50&A$2$4(?�&0�>9M�&,?�$0�@&5�8$/8�6335(0�%&2*(9��
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�&5(?� 6,� 7&27*2&0$6,� 0$'(� $,0(/+&2� &,?� 0$'(� ?(+$%&0$%(� @&5� &��2$(?� $,� 	���� &,?�

	��=9� �6� 6A0&$,� &� '6+(� 76,5(+%&0$%(� 76,0+622(+� 36+� 08(� 52*//$58� 5<50(')� 08(� /&$,�

586*2?�A(�?(7+(&5(?9��6+�	����$0�@&5�?(7+(&5(?����0$'(5�@8(,�76'�&+(?�06�	���9�

�6@(%(+)�08(+(�@&5�50$22�&,�6335(0�63�&+6*,?��9��B�$/*+(�I9==C9�


,�	��=)�08(�/&$,�@&5�?(7+(&5(?�06��9��&,?��$/*+(�I9=I�586@(?�A(00(+�+(5*209��8(+(�

@&5�,6�A&5(�&77*'*2&0$6,�&,?�76,0+622(+�@&5�;(�0�08(����&0�L9M9��

�8(�3$,&2$4(?��
��%&2*(5�@(+(�:7�j��9��B/&$,C)�q��j���'$,�B?(+$%&0$%(�0$'(C�&,?�q
�j�

���'$,�B$,0(/+&2�0$'(C9��8(�+(5�6,5(�/+&�8�@$08�08(5(��&+&'(0(+�%&2*(5�$5�/$%(,)�@8$78�

586@5�08&0�08(�'(?$*'�@&5�'&$,0&$,(?�'*78�'6+(�(33(70$%(2<�&+6*,?�08(�/$%(,�5(0�

�6$,09�

4.2.2. RUN290817, August 29 - September 9, 2017, with Rhodobacter Capsulatus

YO3 (hup-) on Molasses

�8(�(G�(+$'(,0�@$08�R. capsulatus���=�B8*�EC�@&5��(+36+'(?�A(0@((,��*/*50�� �&,?�

�(�0('A(+� )����L9��8(�+(&706+�@&5��E0*A(�0*A*2&+��8606A$6+(&706+�'&?(�*��08(�/2&559�

�8(�%62*'(�63�08(�+(&706+�@&5�����9��('�(+&0*+(�@&5�;(�0�A(26@�I�����5*77(553*22<�

?*+$,/�08(�(G�(+$'(,0�A<�08(�7662$,/�5<50('9�
62&55(5�@&5�*5(?�&5�08(�7&+A6,�56*+7(5�

&,?�5*7+65(�76,7(,0+&0$6,�@&5�&,&2<4(?�?&$2<9��0&+0*��76,7(,0+&0$6,�@&5�M�'
�$,�08(�

+(&706+9��((?$,/�&,?�?$2*0$6,�50+&0(/$(5�@(+(�&��2$(?�?*+$,/�08(�(G�(+$'(,09��&'�2(5�

@(+(� 0&;(,� 3+6'� 08(� �,?� &,?� I08� 0*A(5� 36+� 5*7+65()� 7(22� 76,7(,0+&0$6,)� &,?� ��� &,?�

+(�6+0(?9� �50� &,?� =+?� 0*A(5� &256� @(+(� 6A5(+%(?� 36+� ��9� �8(� +(&706+� @&5� 7$+7*2&0(?�

76,0$,*6*52<�&0�&,�>�9I��F8�+(7$+7*2&0$6,�326@+&0(�&,?�08(�	(<,62?5�,*'A(+�@&5�� J9�

�8$5�(G�(+$'(,0�@&5�08(�3$+50�0+$&2�63����76,0+62�$,0(/+&0$6,�06�08(�0*A*2&+�+(&706+9�

�
��76,0+62�5<50('�@&5�6�(+&0(?�&0�3$+50���?&<5�@$08���'
��&��9��8(,)����@&5�0+$(?�

06�A(�76,0+622(?�'&,*&22<9��
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4.2.2.1. Solar Irradiation and Temperatures

�8(�$,67*2&0$6,�@&5�'&?(�6,��*/*50�� �&,?�08(�(G�(+$'(,0�@&5�76,?*70(?�36+����

?&<59��8(�0('�(+&0*+(�63�08(�+(&706+)�&$+�0('�(+&0*+()�&,?�562&+�$++&?$&,7(�&+(�586@,�

$,��$/*+(�I9=M9��

�8(� +(&706+� 0('�(+&0*+(� @&5�'&$,0&$,(?� $,� 08(�=�� _�=M� ��� +&,/(�?*+$,/�?&<� 0$'(9�

�6@(%(+)�08(�0('�(+&0*+(5�36+�08(�,$/80�3(20�06�&+6*,?�L���9��$,7(�08(�(G�(+$'(,0�@&5�

�(+36+'(?�?*+$,/��(�0('A(+)�08(�8$/8(+�0('�(+&0*+(�?$33(+(,7(�@&5�6A5(+%(?�36+�08(�

?&<�&,?�,$/80�7<72(9��

�0��,;&+&)�5*,58$,(�?*+&0$6,�@&5�0&;(,�&5��J9=��&9'9�&,?��J9M���9'9�36+��(�0('A(+9�

�8(�&%(+&/(�562&+�+&?$&0$6,�@&5�6A0&$,(?�&5�I���_�M����F'��?*+$,/�08(�?&<�0$'(9��0�

08(�>08�?&<�63�08(�(G�(+$'(,05)�08(�&%(+&/(�+&?$&0$6,�3(20�06�&A6*0������F'��?*(�06�

726*?<�&,?�+&$,<��(+$6?59��
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Figure 4.35.��B&C��8(�78&,/(�$,�?&$2<�&,?�&%(+&/(�562&+�$++&?$&,7(�&,?�BAC�08(�0('�(+&0*+(�%&+$&0$6,�$,�
08(�+(&706+)�&'A$(,0�&$+9��+�+(�+(5(,05�08(�0('�(+&0*+(�63�08(�+(&706+�'(&5*+(?�3+6'�08(�5(76,?�0*A(�
76*,0(?�3+6'�08(�/+6*,?9��&�$5�08(�&'A$(,0�0('�(+&0*+(9��8(�(G�(+$'(,0�50&+0(?�6,�� ��*/*50����L9�

�

4.2.2.2. pH Value

���@&5�;(�0�A(0@((,�L9��&,?�L9M�&??$,/�A<���
��&��)�'&,*&22<9��

Figure 4.36.��&$2<�%&+$&0$6,�$,�060&2�6+/&,$7�&7$?�76,7(,0+&0$6,�&,?����
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�+(%$6*52<)�$0�8&5�A((,�+(�6+0(?�08&0�&30(+�3((?$,/)����?(7+(&5(?�(%(,�'6+(�B:&<&8&,)�

�+6/2*)�&,?�:6;*����LC9�
,�08$5�50*?<)����&256�?(7+(&5(?�&30(+�3((?$,/�&,?�$0�@&5�0+$(?�

06�A(�'&,$�*2&0(?�06�5(0�$0�&+6*,?�L�&/&$,�'&,*&22<9��6@(%(+)�08(+(�@&5�&��+6A2('�

@$08�'$G$,/9�����'62&55(5�@&5�3(?�06�08(�$,2(0�'&,$362?�@8$78�?$50+$A*0(5�08(�3((?$,/�

08+6*/8��&+&22(2�0*A(5�%$&�08(�3((?$,/�2$,(�B�$/*+(�=9L)���C�&,?�����+(&706+�'(?$*'�

@&5�0&;(,9��*+$,/�3$+50�3((?$,/�6,�08(�I08�?&<)�'62&55(5�0(,?(?�06�5(002(�$,�08(�26@(+�

+(/$6,5�63�08(�'&,$362?�&,?�&77*'*2&0(?�$,�08(��50�0*A(�B�$/*+(�I9=>C)�@8(,�	(<,62?5�

,*'A(+� @&5� � J� B>�� �F8C9� �8$5� 7&,� A(� &00+$A*0(?� 06� 08(� 8$/8� ?(,5$0<� 63� '62&55(59�


6+(6%(+)�'$G$,/�@&5�,60�(,6*/8�06�?$50+$A*0(�08(�'62&55(5�08+6*/8�08(�608(+�0*A(59�

�8*5)�$,5$?(�08(�A6006'�0*A()�&�8$/8(+�&'6*,0�63�'62&55(5�@&5�*0$2$4(?�&,?�����+63$2(�

@&5�,60�86'6/(,(6*5�&5�5((,�$,��$/*+(�I9=L)����@&5�+(76%(+(?�A<�&??$,/�A&5(�3+6'�

08(�5&'�2(��6+09��6+�08(�5(76,?�3((?$,/�6,�08(�M08�?&<)�	(<,62?5�,*'A(+�$,7+(&5(?�06�

I J�B�>��2F8�@8$78�$5�08(�'&G$'*'�326@�+&0(�63�08(��*'�C�06�(,8&,7(�08(�'$G$,/�63�

'62&55(5�$,�08(�'&,$362?9��6@(%(+)�'62&55(5�&77*'*2&0(?�$,�08(�A6006'�0*A(�&/&$,�

&,?� ��� @&5� ?(7+(&5(?� $,5$?(� 08(� 0*A(� 6,� 08(� L08� ?&<9� �<?+6/(,� �+6?*70$6,� 7&,�

76'�2(0(2<�506��&+6*,?�&����63�M9��B�&5$;&2&�(0�&29)��  �C9�
6+(6%(+)��$&,48(,/�(0�&29�

8&%(�+(�6+0(?�08&0�&�?(7+(&5(�$,����'&<�,60�+(76%(+&A2(�36+�08(�'$7+66+/&,$5'�B�9��$�

(0�&29����LC9��8(+(36+()�&�^*&+0(+�63�08(�A&70(+$&�'$/80�A(�$,8$A$0(?�@8(,�08(<�8&%(�

(G�65(?� 08(� 26@� ��9� 
,� &??$0$6,� 06� 08$5)� 08(� A&70(+$&� $,� 608(+� 0*A(5� '$/80� ,60� A(�

5*��2$(?�@$08�5*7+65(�36+�/+6@08�&,?�8<?+6/(,��+6?*70$6,9��

�77*'*2&0$6,�63�'62&55(5� $,� 08(�A6006'� 0*A(�&256�'&?(����76,0+62�8&+?(+9� 
,� 08(�

A6006'� 0*A(� A(7&*5(� 63� 08(� (G7(55� 5*7+65()� ��� @&5� ?(7+(&5$,/� 58&+�2<9� �8$5� 7&5(�

7&*5(?�(G7(55�A&5(� 26&?$,/�&,?�&,� $,7+(&5(� $,����%&2*(� 06�&A6%(�>9��36+� 08(�608(+�

0*A(59��$086*0�86'6/(,(6*5����?$50+$A*0$6,)�&��2<$,/����76,0+62�@&5�,60�%$&A2(9����
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Figure 4.37.��&$2<�%&+$&0$6,�$,����36+��50�B;�C)��,?�B;�C�&,?�I08�B;IC�0*A(59�

�

Figure 4.38.����8606/+&�8�63�50&7;(?��E0*A(��8606A$6+(&706+�$,2(0�'&,$362?��(+36+'(?�@$08�R.
capsulatus���=�B8*�EC�6,�'62&55(5�

�$&'(0(+�&,?� 2(,/08� +&0$6�63� 08(�'&,$362?�7&,�A(� 08(� +(&56,�63� 08(�'&2?$50+$A*0$6,�

B�8,)��(()�&,?��8$,��  >C�$,�&??$0$6,�06�08(�8$/8�?(,5$0<�63�'62&55(59��6�562%(�08(�

�+6A2(')�&,�(^*&2�%62*'(�63�08(�3((?�@&5�$,T(70(?�06�0*A(5�?$+(702<�3+6'�5&'�2(��6+05�

36+�08(�,(G0�6*0?66+�(G�(+$'(,0�B	��� �>�L)�$,50(&?�63�3+6'�08(�3((?$,/�2$,(�&,?�
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4.2.2.3. Cell growth, Sucrose Utilization, and Hydrogen Production

�8(�+(&706+�@&5�50&+0(?�@$08�M�'
�5*7+65(�08&0�@&5�6A0&$,(?�?$2*0$,/�'62&55(59��22�

5*7+65(�@&5�76,5*'(?�&0�08(�I08�?&<�63�08(�(G�(+$'(,0�08*5)�'62&55(5�@&5�3(?�06�08(�

+(&706+� 06� ;((�� 08(� 5*7+65(� &'6*,0� &0� M� 
'� B�$/*+(� I9= C9� �6� ;((�� &� 76,0$,*6*5�

3((?$,/�50+&0(/<)�5(76,?�3((?$,/�@&5�/$%(,�6,�08(�M08�?&<�63�08(�(G�(+$'(,09��6@(%(+)�

&30(+�08&0�?&<�,6�'6+(�3((?�@&5�/$%(,�5$,7(�5*7+65(�@&5�,60�76,5*'(?�76'�2(0(2<9��

�F��+&0$6�@&5�?(0(+'$,(?�&5�� �BM�'
�5*7+65(�&,?��9M�'
��&E/2*0&'&0(C9��(,(+&22<)�

08(��F��+&0$6�@&5�?(0(+'$,(?�&5�IM�$,�+(7(,0�<(&+5�B�,?+6/&)�R4/1+)�(0�&29�����AC�$,�

6+?(+�06�+(?*7(�2&/�0$'(��F��+&0$6�@&5�26@(+(?�06��=�B�&%&50*+;)�:&<&8&,)�&,?�:6;*�

���>C)�86@(%(+�26@��F��+&0$6�7&*5(?�06�+(?*7(�08(�?*+&0$6,�63�08(��+6?*70$6,9�
,�08$5�

50*?<)�06�+(?*7(�2&/�0$'(�76,7(,0+&0$6,�@&5�50&+0(?�52$/802<�8$/8�&5��9=�&,?��F��+&0$6�

@&5�$,7+(&5(?�06�� 9��776+?$,/�06�7(22�/+6@08�B�$/*+(�I9I�C)�08(�2&/�0$'(�@&5�&+6*,?�

��?&<5�&,?�&0�08(�=+?�?&<)�A&70(+$&2�/+6@08�+(&78(?�(&+2<�(G�6,(,0$&2��8&5(9��

�

Figure 4.39.��&$2<�5*7+65(�76,7(,0+&0$6,�78&,/(�B'
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Figure 4.40.��&$2<�?+<�7(22�@($/80�78&,/(�&,?�8<?+6/(,��+6?*70$%$0<9�

�

�

Figure 4.41.��&$2<�8<?+6/(,��(+7(,0&/(�78&,/(9�	(50�63�08(�/&5�$5�7&+A6,�?$6G$?(9�

�

�<?+6/(,��+6?*70$6,�50&+0(?�6,�08(�I08�?&<�63�08(�(G�(+$'(,0�$,�08(�(&+2<�(G�6,(,0$&2�

�8&5(9� �8(� '&G$'*'� �+6?*70$%$0<� @&5� �9I� '62� ��FB'=98C� @8(,� 08(� A&70(+$&�

76,7(,0+&0$6,� @&5� �9M� /F�9� �<?+6/(,��+6?*70$6,� 76,0$,*(?� ?*+$,/� 08(� (G�6,(,0$&2�

�8&5(�&,?�506��(?�@8(,�08(�A&70(+$&2�/+6@08�+(&78(?�06��9 �/F�9��
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�8(,� 7(22� 76,7(,0+&0$6,� +(&78(?� 06��9 �/F�� 06� (,&A2(� 2$/80� �(,(0+&0$6,� 06��+6'60(�

8<?+6/(,� �+6?*70$6,)� 08(� +(&706+� @&5� ?$2*0(?� M�u9� �30(+� T*50� 6,(� ?&<)� 7(22�

76,7(,0+&0$6,�+(&78(?�&/&$,��9 �/F�9��8(�+(&706+�@&5�?$2*0(?�M�u�5(76,?�0$'(�&0�08(�

��08�?&<�63�08(�(G�(+$'(,0�86@(%(+�$0�?$?�,60��+6'60(�8<?+6/(,��+6?*70$6,9�
0�7&,�A(�

76,72*?(?�08&0�A&70(+$&2�/+6@08�@&5�50&A$2$4(?�&0��9 �/F�9��0�08(�50&A$2$4&0$6,)��6$,0�

?$2*0$6,�76*2?�,60�A(�&�562*0$6,�06�?(7+(&5(�7(22�76,7(,0+&0$6,�5$,7(�$0�76*2?�A(�+(&78(?�

08(�5&'(�%&2*(�$,�6,(�?&<9��

�8(�8$/8(50�&,?�&%(+&/(�8<?+6/(,��(+7(,0&/(�@&5� Lu�&,?� Iu)�+(5�(70$%(2<�B�$/*+(�

I9I�C9��

�

4.2.2.4. Organic Acid Production and Utilization

�&70$7�&7$?)�36+'$7�&7$?)�&7(0$7�&7$?)��+6�$6,$7�&7$?)�&,?�A*0<+$7�&7$?�76,7(,0+&0$6,5�

@(+(�36226@(?�36+�08$5�(G�(+$'(,0�B�$/*+(�I9I�C9��&70$7�&7$?�@&5�'6502<�$,5$/,$3$7&,09�

�6+'$7� &7$?� @&5� �+6?*7(?� $,� 08(� 2&0(� (G�6,(,0$&2� /+6@08� �8&5(9� �7(0$7� &7$?� @&5�

�+6?*7(?�&,?�76,5*'(?�76,0$,*6*52<9��8(�8$/8(50�&7(0$7�&7$?�76,7(,0+&0$6,�@&5�=��

'
�6,�08(� 08�?&<�63�08(�(G�(+$'(,09�

�

Figure 4.42.��&$2<�2&70$7)�36+'$7�&,?�&7(0$7�&7$?�76,7(,0+&0$6,5�78&,/(9�
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�6� 5*''&+$4(� 08(� '&$,� 3$,?$,/5� &,?� 76,72*5$6,5� 3+6'� 08$5� +*,)� &� ,*'A(+� 63�

76,,(70$6,5�8&?� 06�A(� $,7+(&5(?�@$08��&���3((?$,/��6+0)����'(0(+� 5(�0*'9��2&55�

�6+05�7&*5(?�2(&;&/(��+6A2(')�86@(%(+)�08(<�(,&A2(?�06�6A5(+%(�78&,/$,/�2$^*$?�2(%(2�

$,� �6+059� �(&;&/(� �+6A2('� �+6A&A2<� &33(70(?� 08(� A&70(+$&� '(0&A62$5'� 5*78� &5�

$,8$A$0$6,� 63� ,$0+6/(,&5(� (,4<'(� 08&0� +(?*7(5� 8<?+6/(,� �+6?*70$%$0<9� �0� 08(� 5&'(�

0$'()�5$,7(�?*+$,/�08(�(G�(+$'(,0�2(&;&/(��+6A2('�76*2?�,60�A(�562%(?�76'�2(0(2<)�

8<?+6/(,�76*2?�,60�A(�7622(70(?��+6�(+2<9��8(+(36+()�8<?+6/(,��+6?*70$%$0<�76*2?�A(�

6A0&$,(?�6,2<�36+�=+?)�I08)�M08)�J08�&,?�L08�?&<5)��&+0$&22<9��

�

4.2.3. RUN290817, August 16 – October 2, 2017, with Rhodobacter Capsulatus

YO3 (hup-) on Molasses

�&5(?�6,��+(%$6*5� +*,)� A&5(� 3((?$,/��6+0� &,?�����+6A(� 5(�0*'�@(+(� $'�+6%(?� 06�

�+(%(,0�2(&;&/(9��6��+6%$?(�86'6/(,(6*5�'62&55(5�?$50+$A*0$6,)�3((?$,/��+67(55�@&5�

78&,/(?9��F��+&0$6�@&5�*5(?�&5�IM�&776+?$,/�06�6�0$'$4&0$6,�+(5*205�63�5'&22�57&2(�

$,?66+� (G�(+$'(,059� 
,� 08$5� +*,)� &*06'&0(?� �
�� ��� 76,0+62� @&5� *5(� ?*+$,/� 08(�

(G�(+$'(,09�

�

4.2.3.1. Solar Irradiation and Temperature

�8(���	�6�(+&0$6,�50&+0(?�6,��*/*50��J08�&,?�@&5�6�(+&0(?�36+�I>�?&<5�*,0$2��706A(+�

�,?9��*+$,/�08$5��(+$6?)�?&<2$/80�0$'(�?(7+(&5(?�3+6'��=9L�86*+5�6,�?&<���06���9=�86*+5�
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4.2.3.2. Results of pH Control During Continuous Photofermentation
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4.2.3.3. Operation and Feeding Strategy

�

�&A2(�I9I. Operation and feeding strategy during the experiment. The experiment started on August 

16th, 2018 and ended on October 2nd 2018 (48 days total).
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4.2.3.4. Cell growth, Sucrose Utilization, and Hydrogen Production
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5&2$,$0<)�&,?��6$,0(?�6*0�08(��655$A$2$0<�63�5<,08(5$5�63�&??$0$6,&2�7&+A6,�76'�6*,?5�

5*78�&5�����B�?(55$�(0�&29����JC9��

�6�?(7+(&5(�08(�56?$*'�50+(55)�&�5(76,?�?$2*0$6,�@&5�08(,�&��2$(?�&,?�&??$0$6,&22<)�

&+0$3$7$&2�$22*'$,&0$6,�63�J�����B=G�����0*,/50(,�2&'�5C�@&5�&��2$(?�?*+$,/�08(�,$/80�

&0��8&5(�
�9��*+08(+'6+()�08(�3((?�50+&0(/<�@&5�'6?$3$(?9�
,��8&5(�

)�$0�@&5�,60$7(?�

08&0�8<?+6/(,��+6?*70$6,�526@(?�?6@,�%$5$A2<�&30(+�'62&55(5�3((?$,/9�
0�$5�,60�72(&+�

@8(08(+�08$5�+(%(+5$A2(�526@?6@,�@&5�7&*5(?�A<�08(�0('�6+&+<�2655�63�08(�'(?$*'�



�

�
�

��M�
�

0+&,5'$00&,7(� B?*(� 06� 08(� 6�&^*(� ,&0*+(� 63� 08(� '62&55(5C� 6+� A<� &� '(0&A62$7� 58$309�

	(/&+?2(55�63�08(�7&*5()�36+��8&5(�
�)�08(�3((?$,/�50+&0(/<�@&5�78&,/(?�06�3((?$,/�M�

'
� 5*7+65(� (%(+<� 608(+� ?&<� BM� '
� 5*7+65(C� 06� &%6$?� $,0(+3(+$,/� @$08� 6,/6$,/�

�+6?*70$6,9��

�8(�76'A$,(?�$,32*(,7(�63�08(5(�78&,/(5�+(50&+0(?�08(�8<?+6/(,��+6?*70$6,)�&,?�6,�

08(� �M08� ?&<� 63� 08(� (G�(+$'(,0)� 08(� 8$/8(50� 8<?+6/(,� �+6?*70$%$0<� 63� 08(� (,0$+(�

(G�(+$'(,0�@&5�6A0&$,(?�&5��9J �'62��FB'=�8C�@$08�&�7(22�76,7(,0+&0$6,�63��9 �/F�9�


,0(+(50$,/2<)�,6�5*7+65(�76,5*'�0$6,�677*++(?�6,�08$5�?&<�56�8<?+6/(,��+6?*70$6,�

7&,,60�A(�&00+$A*0(?�06�5*7+65()�6+�08(�76,5*'�0$6,�63�6+/&,$7�&7$?5)�&5�08(�&'6*,05�

63�08(�2&00(+�@(+(�36*,?�06�$,7+(&5(�?*+$,/�08(��M08�?&<9��8$5�@&5�&256�08(�7&5(�6,�08(�

�L08)�� 08� &,?�=>08�?&<5�63� 08(�(G�(+$'(,0)�@8(,� 08(+(�@&5�,6� 3((?�&,?�,6�5*7+65(�

76,5*'�0$6,)�A*0�8<?+6/(,�@&5��+6?*7(?�,(%(+08(2(559��

�<?+6/(,� �+6?*70$6,� @$086*0� 5*7+65(� 76,5*'�0$6,� ?*+$,/� �8&5(� 
�� '$/80� A(�

(G�2&$,(?� A<� 08(� *0$2$4&0$6,� 63� (,?6/(,6*5� 5*A50+&0(5� 5<,08(5$4(?� ?*+$,/� �8&5(� 


�

?(57+$A(?�&A6%(�B:6;*�(0�&29����=\��<&+)��+6/2*)��17(2)�&,?��*,?*4���� C9��8*5)�08(�

&77*'*2&0(?�(,?6/(,6*5� +(5(+%(5�63�����@(+(� �+6A&A2<�*5(?�&5� 08(� 5*A50+&0(� 36+�

8<?+6/(,� �+6?*70$6,9� 	(50+$70$,/� 08(� 7&+A6,� 3((?� 06� &20(+,&0(� ?&<5)� ?$2*0$6,� 63� 08(�

'(?$*')�,$/800$'(�$22*'$,&0$6,�&,?�;((�$,/�08(����&+6*,?�L9��'&<�&206/(08(+�8&%(�

50$'*2&0(?�����*0$2$4&0$6,9��


,��8&5(�
�)�7*'*2&0$%(�8<?+6/(,��+6?*70$6,�/+&?*&22<�$,7+(&5(?�&30(+�(&78�?$2*0$6,�
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4.2.3.5. Production and Consumption of Organic Acids
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Figure 4.49.��&+$&0$6,�$,�6+/&,$7�&7$?�76,7(,0+&0$6,5�@$08�0$'(9�
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4.2.3.6. Ammonium and Sodium Analyses
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Figure 4.50.��&$2<�%&+$&0$6,�63�56?$*'�&,?�&''6,$*'�76,7(,0+&0$6,�&,?�8<?+6/(,��+6?*70$%$0<9��8(�
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CHAPTER 5

5. CONCLUSION
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APPENDICES

A. Pyruvate Metabolism of R. capsulatus

Figure 0.1.����	
�����
����
����������������������R. capsulatus������	�����������
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B. Butanoate Metabolism of R. capsulatus
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C. Glyoxylate Metabolism of R. capsulatus
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D. Propanoate Metabolism of R. capsulatus
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E. Composition of the Growth Media

%������&�. Solid MPYE media

Component Amount
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%������&). Vitamin Solutions (10X)

Component Amount
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%������&�. Trace Element Solution (10X)
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%������&�. Iron Citrate Solution (50X)

Component Amount
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%������&".Second Adaptation Media
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F. Molasses Analyses

%������&�. Content of molasses produced in Ankara Sugar Factory in 2013. Molasses was analyzed by Ankara Sugar 

Factory.

Parameter Method Results
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%������&!. Amino acids in molasses which were analzed by Düzen Norwest Laboratory in Ankara.

Amino acids Units Results
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%������&��. Elements which could be identified by Düzen Norwest Laboratory in Ankara, in molasses.

Elements Units Results
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G. Calibration Curve of the Dry Cell Weight
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H. Sample Gas Chromatogram for Gas Anaylsis
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İ. HPLC Calibration Curves of Organic Acids
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Retention Time Determination
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Calibration Curves
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Figure 0.13.�0�J-�(��������������������(��(�1&�
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J. Circulatıon Pump Calibration Curve
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K. Outdoor Experimental Data

%������&��. Daily variation in cell concentration of RUN160818. The experiment was started on August 16, 2018. 

OD1, OD2, OD3 and OD4 show tube numbers counted from bottom.
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.
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%������&�). Daily variation in organic acids and sucrose concentrations of RUN160818. The experiment was started 

on August 16, 2018.
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%������&��. Daily variation in ammonium and sodium ion concentrations of RUN160818. The experiment was 

started on August 16, 2018.
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%������&��. Daily biogas production and solar radiation of RUN160818. The experiment was started on August 16, 

2018.
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%������&� . Weather station data of RUN160818 for August 20, September 2 and October 1, 2018 . The experiment 

was started on August 16, 2018.
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%������&�". Detected rainy days by weather station of RUN160818. The experiment was started on August 16, 2018.

Date Time Rain Rain rate
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%������&��. Temperature (oC) data of RUN160818 for August 20, September 2 and October 1, 2018. T2, T3 and T4 

show number of tubes counted from bottom.
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%������&�!. Daily variation in cell concentration of RUN290817. The experiment was started on August 29, 

Date Time Day OD2 OD4 ODavg. Avg. Cell 

Conc.

(gdcw/Lc)�
OD2.1 OD2.2 OD2.3 OD4.1 OD4.2 OD4.3
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%������&��. Daily variation in pH of RUN290817. The experiment was started on August 29, 2017.

Date Time Day pH2 pH4 pH

pH2.1 pH2.2 pH2.3 pH4.1 pH4.2 pH4.3
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%������&��. Daily variation in organic acids and sucrose concentrations of RUN290817. The experiment was started 

on August 29, 2017.

Date Day

Lactic 

acid 

(mM)

Formic 

acid 

(mM)

Acetic 

acid 

(mM)

Total 

organic

acid 

(mM)

Sucrose 

(mM)
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%������&��. Daily biogas production and solar radiation of RUN290817. The experiment was started on August 29, 

2017.

Date

Day

Biogas 

Content

Daily

produced 

biogas 

(ml)�

H2

produced 

(mol)�

H2

productivity 

(mol 

H2/m3.h)�

Daily solar 

radiation 

(W/m2)�H2 CO2
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%������&�). Weather station data of RUN290817 for September 5, 2017.
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%������&��. Temperature (oC) data of RUN160818 for September 2017. T1, T2, T3 and T4 show number of tubes 

counted from bottom.
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L. Indoor Experiments

�

%������&��. Content and given name to the reactors of RUN150718.
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%������&)�. Hourly average H2 percentage of RUN150718.

Time Average H2 %

�� �&�� �&�� �&�� �&�� �&�� �&�� �&�� �&�� �&��

��� ��&�� � &�� ��&��  �&!� " & � "�&!� �"&�� ��&"� �!&��

���  )&�� "�&�� "�&��  �&!�  �&"�  �&�� ))&)� �)&�� � &��

"�� )"&�� ""&!� ��&�� ��&��  �&��  �& � �"&!� )�&"� ��&!�

! � ��&�� �&"� �)&!� ��&�� ��&�� �)&�� ��&"� ��&�� ��&��

����  &)� "&!� )&��  &�� �&��  &��  &)� �&�� "&)�

Reactor 

name

.&�� '&�� -&�� >&�� <&�� C&�� 7&�� 0&�� =&��

�

%������&)�. Hourly average CO2 percentage of RUN150718.

Time Average CO2 %�

�� �&�� �&�� �&�� �&�� �&�� �&�� �&�� �&�� �&��

��� ��& � ��&�� ��& � )�&�� �)&�� �)&�� ��&�� ��&)� ��&��

��� ) &�� ��&�� �"& � )�&�� )�&)� )�&)�   &"� �"&�� �)&��

"��  �& � ��&�� �"&�� ��& � )�&�� )�&�� "�&��  �&)� ��&��

! � ��&�� !�&)� � &�� ��&�� �!&�� �!&�� ��&)� ��&�� �"& �

���� !)&"� !�&�� !"&�� !)&�� !!&�� !!&�� !)&"� !�&�� !�&"�

Reactor 

name

.&�� '&�� -&�� >&�� <&�� C&�� 7&�� 0&�� =&��
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%������&)). Hourly average produced biogas of RUN150718.

Time Produced biogas (ml)

�� �&�� �&�� �&�� �&�� �&�� �&�� �&�� �&�� �&��

��� � &�� ��&"� �"&�� �!&�� ��&)� ��&�� ��&"� ��&"� ��&��

��� )&!� �)&"� ��&�� ��&)� ��&)� ��&�� "& � !&�� � &)�

"�� �&�� �&"� �&�� �&��  &�� ��&"� �& � �&�� )&��

! � �&�� �&�� �&�� �&"� �&)�  &)� �&�� �&)� �&��

���� �&�� �&�� �&�� �&�� �&�� �&)� �&�� �&!� �&)�

Total (ml) ��&�� )�&�� ��&"� )"&)� �!&��   &!� ��&�� ��&!� �)& �

Reactor 

name

.&�� '&�� -&�� >&�� <&�� C&�� 7&�� 0&�� =&��

�

%������&)�. Cumulative average hydrogen and average productivity of RUN150718.

Time (h) Average cumulative H2 (mmol)

�� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&����

��� �&� "� �&��)� �&���� �&�)�� �&� )� �&"��� �&�!)� �&��)� �&�� �

��� �& ��� �&!")� �&�!�� �&� �� �&���� �&)"�� �&"� � �&"�!� �&�!��

"�� �& ��� �&���� �&!��� �&�!�� �&)��� �& !"� �&")"� �&"��� �&!���

! � �& ��� �&� �� �&!��� �&!��� �&))�� �&��"� �&"��� �&���� �&!" �

���� �& ��� �&� �� �&!��� �&!� � �&))�� �&���� �&"�!� �&��"� �&!!��

Productivity 

molH2/(m3.h) �&���� �&)��� �&)��� �&)��� �&��)� �& ��� �&��)� �&� !� �&))��

Reactor name .&�� '&�� -&�� >&�� <&�� C&�� 7&�� 0&�� =&��
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%������&)�. Hourly average sucrose variation of RUN150718.

Time (h) Sucrose (mM)

�� �&���� �&���� �&���� �&���� �&���� �&���� ��&���� ��&���� ��&����

��� �&)"�� �& �)� �&)��� �& �"� �&!��� �&!)�� )&�")� �&�"!� �&�!)�

��� �&)��� �&! )� �&�)�� �&��"� �&" )� �& ��� �&")"� �&�"�� �&�� �

"�� �&���� �&�"�� �&)��� �&�"�� �&"�)� �&)��� �&"!�� �&)!�� )& )"�

! � �&�)�� �&!)�� �&""�� �&���� �&)�!� �&���� )&���� )&�"!� )&!!��

���� �&�!�� �&)��� �&�� � �&�"!� �&� "� �&�!!� )&��)� )&!"�� )&�!��

Reactor 

name

.&�� '&�� -&�� >&�� <&�� C&�� 7&�� 0&�� =&��

�

%������&) . Hourly average lactic acid variation of RUN150718.

Time 

(h)

Lactic acid (mM)

�� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&����

��� �&���� �&���� �&���� �&�!�� �&�)�� �&�  � �&�!�� �& ��� �&�)��

��� �&���� �&���� �&���� �&���� �&���� �&���� �&!"�� �& ��� �&��)�

"�� �&���� �&���� �&��)� �&���� �&���� �&���� �&���� �&���� �&����

! � �&)� � �&� "� �&��"� �&���� �&���� �&�)�� �&�"!� �&��"� �&����

���� �&���� �&���� �&!! � �&���� �&���� �&���� �&���� �&���� �&����

Reactor 

name

.&�� '&�� -&�� >&�� <&�� C&�� 7&�� 0&�� =&��
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%������&)". Hourly average formic acid variation of RUN150718.

Time (h) Formic acid (mM)

�� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&����

��� �& ��� �&��)� �&��)� )&��"� �&�"�� �&���� )& ��� �&"!�� )&"" �

��� �& � � �&���� �&��)� �&�� � �&����  &��!� �&�)�� �&"��� �&)���

"�� �&!��� �&���� �&��!� )&)"�� )&�"�� )&)!�� �&"!�� �&���� )&�!)�

! � �&)!�� �&���� �&"��� )&���� )&! �� �&���� �&���� �& !�� )&�!"�

���� �&�) � �&���� /�&���� )&���� �&�"�� �&���� �&�! � �&���� �& ���

Reactor 

name

.&�� '&�� -&�� >&�� <&�� C&�� 7&�� 0&�� =&��

�

%������&)�. Hourly average acetic acid variation of RUN150718.

Time (h) Acetic acid (mM)

�� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&����

��� �&���� �&���� �&���� �&���� �&���� �&� )� �&�!)� �&� �� �&����

��� �&���� �&���� �&���� �&���� �&���� �&���� �& � � �&�!�� �&�!��

"�� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&����

! � �&���� �&���� �&���� �&���� �&���� �&���� �&!")� �&���� �&��!�

���� �&���� �&���� �&���� �&���� �&���� �&���� �&)��� �&���� �& ���

Reactor 

name

.&�� '&�� -&�� >&�� <&�� C&�� 7&�� 0&�� =&��
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%������&)!. Hourly average propionic acid variation of RUN150718.

Time (h) Propionic acid (mM)

�� �&���� �&!��� �&!��� �&���� �&�)!� �&� �� �&�� � �&���� �&"���

��� �&��"� �&� �� �&���� �&��"� �&�)�� �&)�!� �&"!�� �&))�� �&����

��� �&��"� �&��"� �&��"� �&��)� �&!��� �&)��� �&)�"� !&��)� "&)�)�

"�� �&")"� �&�)�� �&!�"� �& ��� �&� )� )&�!"� !&"""� !&!��� �&��!�

! � �&�� � �&�"�� �&��)� �&���� �&���� �&!���  &�" � �&"� � �&����

���� �&��!� �&�� � �&!�"� �&)� � �&��)� �&���� �&�!�� �&��!� �&����

Reactor 

name

.&�� '&�� -&�� >&�� <&�� C&�� 7&�� 0&�� =&��

�

%������&��. Hourly average butyric acid variation of RUN150718.

Time (h) Butyric acid (mM)

�� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&����

��� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&����

��� �&���� �&���� �&���� �&���� �&���� �&���� �&�""� �&����  &!���

"�� �&���� �&���� �&���� �&���� �&���� �&���� �&���� �&� �� �&��!�

! � "&�" � �&���� �&���� �&���� �&���� �&���� �&�!!� ��&!��� �)&"�"�

���� !&���� �&���� �&���� �&���� �&���� �&���� �&�)�� �&�)�� �&����

Reactor 

name

.&�� '&�� -&�� >&�� <&�� C&�� 7&�� 0&�� =&��
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%������&��. Content and given name to the reactors of RUN121118.
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%������&��. OD variation of RUN121118 for 12 reactors.
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OD at 660 nm
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%������&�). Dry cell weight of RUN121118 for 12 reactors.

Time 

(h)

Dry cell weight (g/l)
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%������&��. Average dry cell weight of RUN121118.

Time (h) Average dry cell weight (g/l)
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%������&��. pH variation of RUN121118
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%������&� . Average pH variation of RUN121118.

Time (h) Average pH  
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%������&�". Hourly average H2 percentage of RUN121118.

Time (h) H2 %
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%������&��. Hourly average CO2 percentage of RUN121118.

Time (h) CO2 %
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%������&�!. Hourly average produced biogas of RUN150718.
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%������&��. Cumulative average hydrogen and average productivity of RUN121118.

Time (h) Cumulative H2 (mmol) 
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%������&��. Hourly average sucrose and lactic variation of RUN121118.

Time (h) Sucrose (mM) 
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%������&��. Hourly average formic acid variation of RUN121118.

Time (h) Formic acid (mM) 
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%������&�). Hourly average acetic acid variation of RUN121118.

Time (h) Acetic acid (mM) 
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%������&��. Hourly average propionic acid variation of RUN121118.

Time (h) Propionic acid (mM) 
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%������&��. Hourly average butyric acid variation of RUN121118.

Time (h) Butyric acid (mM) 
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%������&� . Content and given name to the reactors of RUN030419.
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Reactor # Molasses 

(mM)  

C/N Glutamate 

(mM)  
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>� "�P��� �� ��� �&�� Q�

<� !�P���� ��� ��� )� Q�

C� ���P���� ��� ��� �&�� Q�
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%������&�". OD variation of RUN030419 for 12 reactors.
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OD at 660 nm
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%������&��. Dry cell weight of RUN030419 for 12 reactors.

Time 

(h)

Dry cell weight (g/l)
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%������&�!. Average dry cell weight of RUN030419.

Time (h) Average dry cell weight (g/l) 
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%������& �. Average pH variation of RUN030419.

Time (h) Average pH 
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%������& �. Hourly average H2 percentage of RUN030419.

Time (h) H2 %
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%������& �. Hourly average CO2 percentage of RUN030419.

Time (h) CO2 %
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%������& ). Hourly average produced biogas of RUN030419.

Time (h) Average daily produced biogas (ml)
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%������& �. Cumulative average hydrogen and average productivity of RUN030419.

Time (h) Cumulative average daily produced biogas (ml)
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%������& �. Hourly average sucrose variation of RUN030419

Time (h) Sucrose (mM)
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%������&  . Hourly average lactic acid variation of RUN030419.

Time (h) Lactic acid (mM)
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%������& ". Hourly average formic acid variation of RUN030419.

Time (h) Formic acid (mM)
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%������& �. Hourly average acetic acid variation of RUN030419.

Time (h) Acetic acid (mM)
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%������& !. Hourly average propionic acid variation of RUN030419.

Time (h) Propionic acid (mM)
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%������&"�. Hourly average butyric acid variation of RUN030419.

Time (h) Butyric acid (mM)
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M. Sample Calculation

Sample Calculation for Productivity

5��
��� (��(�������� 
��� 
�������1� ���� EF3� ����� ��� .�#���� �)�� ����&� %	��


��1�(�1����#���
����)���������1�	�1��#���
��(����#��
�����&� �A&�%	��
��������


����&!�������1��	�������#��1��������
�����&"�	���������.�#������1�5�
������������

���.�;���&�

�

�

�

�

�

�

�

Sample Calculation for Substrate Coversion Efficiency
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Sample Calculation for Light Conversion Efficiency �
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N. Carbon Balance
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%������&"�. Consumed sucrose of RUN160818.
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%������&"�. Produced carbon dioxide percentage of RUN160818.
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%������&"). Produced carbon dioxide mol of RUN160818.
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